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ON THE WEB THIS WEEK 


>> Science Podcast 

Listen to stories on the genome of a 
transmissible tumor, an update from 
Opportunity on Mars, and more. 


>> Find More Online 


Check out Science Express, our podcast, videos, 
daily news, our research journals, and Science 


Careers at www.sciencemag.org. 
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7—SPECIAL SECTION 
Exploring Martian Habitability 


INTRODUCTION 


Habitability, Taphonomy, and the Search 
for Organic Carbon on Mars 
J. P. Grotzinger 


RESEARCH ARTICLE ABSTRACTS 


Elemental Geochemistry of Sedimentary 
Rocks at Yellowknife Bay, Gale Crater, Mars 
S. M. McLennan et al. 

Volatile and Organic Compositions of 
Sedimentary Rocks in Yellowknife Bay, 
Gale Crater, Mars 


387 Ancient Aqueous Environments D. W. Ming et al. 
at Endeavour Crater, Mars Mars’ Surface Radiation Environment 
R. E. Arvidson et al. Measured with the Mars Science 
>> Science Podcast Laboratory's Curiosity Rover 
A Habitable Fluvio-Lacustrine Environment p Mt passer etal ; 
at Yellowknife Bay, Gale Crater, Mars In Situ Radiometric and Exposure Age 
J. P. Grotzinger et al Dating of the Martian Surface 
ae ; : K. A. Farley et al. 
Mineralogy of a Mudstone at Yellowknife 4 
Bay, Gale Crater, Mars >> For full text: 7 
D. T. Vaniman et al. www. sciencemag. org/extra/curiosity 
EDITORIAL LETTERS 
351 Challenges for New ERC President 368 Flu Threat Spurs Culture Change 


Paul Boyle 


NEWS OF THE WEEK 


354 


A roundup of the week’s top stories 


NEWS & ANALYSIS 


356 — Divulging DNA Secrets of Dead 
Stirs Debate 

357 NIH Is Losing Its Funding Edge, 
2014 Budget Suggests 

358 Nano-Imaging Feud Sets Online Sites 
Sizzling 

359 — Historic Patent on Embryonic Stem Cells 
Faces Scrutiny 

360 A Lifeline for Syria’s Science Exiles 

NEWS FOCUS 

361 The Epigenetics Heretic 

364 Selling America’s Fossil Record 


>> Slideshow 


COVER 


Eroded landscape of Yellowknife Bay, Gale crater on Mars. 

Sheepbed mudstone is seen in the foreground, ~4 meters distant 
from the Curiosity rover camera that took the photo; Gillespie 
sandstone is in the middle field. The foothills of Mt. Sharp (upper 
left), ~20 kilometers distant, are Curiosity’s ultimate destination. 
Exploration of this region by the Curiosity rover offers evidence of an 
ancient, potentially habitable environment. See the special section 
beginning on page 386 and at www.sciencemag.org/extra/curiosity. 


Image: NASAAPL-Caltech/Malin Space Science Systems 


Q. Liao and R. Fielding 


Regulating Dual-Use Research in Europe 
G. Palu 


Misleading Results: Translational 
Challenges 
R. J. Traystman and P. S. Herson 


Misleading Results: Don’t Blame the Mice 
G. A. Churchill 


370 CORRECTIONS AND CLARIFICATIONS 
BOOKS ET AL. 
371 The Climate Casino 
W. Nordhaus, reviewed by M. Jaccard 
372 The Circle 


D. Eggers, reviewed by A.-L. Barabasi 


POLICY FORUM 


373 Raw Personal Data: Providing Access 
J. E. Lunshof et al. 

PERSPECTIVES 

375 mRNA, Live and Unmasked 


G. Akbalik and E. M. Schuman 
>> Reports pp. 419 and 422 
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376 — Hiding in Plain View—An Ancient Dog 
in the Modern World 
H. G. Parker and E. A. Ostrander 


>> Report p. 437 
378 Making the H-Cluster from Scratch 
C. J. Pickett 
>> Report p. 424 
Climate Effects of Aerosol-Cloud Interactions 
D. Rosenfeld et al. 
381 Extraordinary Color Vision 
M. F. Land and D. Osorio 
>> Report p. 411 


379 


382 Lifting the Fog of Complexity 
D. K. Morr 
>> Reports pp. 390 and 393 


383 The Fiery Side of HIV-Induced 
T Cell Death 
G. D. Gaiha and A. L. Brass 
>> Report p. 428 


REVIEW 


385 A Paleogenomic Perspective on Evolution 
and Gene Function: New Insights from 
Ancient DNA 
B. Shapiro and M. Hofreiter 
Review Summary; for full text: 
http://dx. doi.org/10.1126/science. 1236573 


REPORTS 


390 | Charge Order Driven by Fermi-Arc 
Instability in Bi,Sr,_,La,CuO,,5 

R. Comin et al. 

393 | Ubiquitous Interplay Between Charge 
Ordering and High-Temperature 


Superconductivity in Cuprates 

E. H. da Silva Neto et al. 

Surface and bulk measurements in 
bismuth-based cuprates agree and indicate 
a short-range charge order. 

>> Perspective p. 382 


396 Imaging Dynamics on the F + H,0 — HF 
+ OH Potential Energy Surfaces from Wells 
to Barriers 
R. Otto et al. 

A reaction is studied in fine detail by electron 
removal from a charged precursor to unveil 
and track a neutral intermediate. 


399 Strong Ground Motion Prediction Using 
Virtual Earthquakes 
M. A. Denolle et al. 
Ambient seismic noise helps predict the 
ground motion associated with future large 
earthquakes. 
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Increased Dust Deposition in the Pacific 
Southern Ocean During Glacial Periods 
F. Lamy et al. 

A million-year-long marine sedimentary 
record of dust supply to the Pacific Southern 
Ocean reflects global climate. 


A Peptide Hormone and Its Receptor 
Protein Kinase Regulate Plant Cell 
Expansion 

M. Haruta et al. 

A signaling system important in the 
regulation of plant cell size during 
development is identified. 


A Different Form of Color Vision 

in Mantis Shrimp 

H. H. Thoen et al. 

Stomatopods use multiple photoreceptors 
to allow rapid color recognition rather than 
color discrimination. 

>> Perspective p. 381 


Risky Ripples Allow Bats and Frogs 

to Eavesdrop on a Multisensory 

Sexual Display 

W. Halfwerk et al. 

Calling frogs incidentally produce water 

ripples that are targeted by rival males and 
frog-eating bats. 428 


Endothelial Cell-Derived Angiopoietin-2 
Controls Liver Regeneration as a 
Spatiotemporal Rheostat 

J. Hu et al. 

Endothelial cells control liver regeneration 
through paracrine hepatotropic and autocrine 
endotheliotropic mechanisms. 


Single B-Actin mRNA Detection in Neurons 32 
Reveals a Mechanism for Regulating Its 
Translatability 

A. R. Buxbaum et al. 

Imaging of B-actin messenger RNA (mRNA) in 
neurons reveals transient alteration of mRNA 
availability during synaptic plasticity. 

Visualization of Dynamics of Single 437 


Endogenous mRNA Labeled in Live Mouse 
H. Y. Park et al. 

A transgenic mouse with fluorescently 
labeled endogenous B-actin mRNA permits 
single-molecule analysis in live cells. 

>> Perspective p. 375 


The HydG Enzyme Generates an 
Fe(CO),(CN) Synthon in Assembly of the 
FeFe Hydrogenase H-Cluster 

Jj. M. Kuchenreuther et al. 

Vibrational spectroscopy traces the origin of 
carbon monoxide and cyanide ligands in the 
active site of di-iron hydrogenase enzymes. 
>> Perspective p. 378 
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IFI16 DNA Sensor Is Required for Death 
of Lymphoid CD4 T Cells Abortively 
Infected with HIV 

K. M. Monroe et al. 

The intracellular sensor that triggers the 
death of human lymphoid CD4 T cells 
abortively infected with HIV is identified. 
>> Perspective p. 383 


Adaptation of Innate Lymphoid Cells to a 
Micronutrient Deficiency Promotes Type 2 
Barrier Immunity 

S. P. Spencer et al. 

Vitamin A deficiency alters the balance of 
innate immune cells in the gut, promoting 
resistance to nematode infection. 


Transmissable Dog Cancer Genome 
Reveals the Origin and History of an 
Ancient Cell Lineage 

E. P. Murchison et al. 

An unusual tumor in dogs arose more than 
10,000 years ago, and despite a huge 
mutational burden, its genome has remained 
stable. 

>> Perspective p. 376; Science Podcast 
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A View from the Middle 


The intuitive way to study a bimolecular 
reaction is to induce a collision between 
separate reagents and then track the ensuing 
events. Crossed molecular beam studies have 
revealed the quantum mechanical details of 
numerous systems in this fashion. Otto et al. 
(p. 396, published online 9 January) applied a 
more recent approach of starting in the middle 
of the F + H,O — HF + OH reaction trajectory, 
postcollision, by photodetaching an electron 
from a stabilized complex of water and a 
fluoride ion, and then tracking the fate of 

the neutral fragments. 


Copper-Oxide 
Superconductors 


Copper-oxide superconductors have a complex 
electronic structure. A charge density order has 
been observed in two cuprate families; however, 
it has been unclear whether such an order exists 
in Bi-based compounds (see the Perspective by 
Morr). Comin et al. (p. 390, published online 
19 December) and da Silva Neto et al. (p. 393, 
published online 19 
December) address 
this question in 
single-layer and 
double-layer Bi- 
based cuprates, 
respectively. For 
both families of 
materials, surface 
measurements by 
scanning tunneling 
spectroscopy agree with bulk measurements 
obtained through resonant elastic x-ray 
scattering, which suggests the formation of short- 
range correlations that modulate the charge 
density of the carriers over a range of dopings. 
Thus, charge ordering may represent a common 
characteristic of the major cuprate families. 


Noise in Motion 


A large earthquake along the southern San 
Andreas Fault has the potential to cause 

serious damage to the city of Los Angeles, USA. 
Earthquake simulations in this region, which lies 
in a sedimentary basin capable of amplifying 
shaking, predict strong ground motion but they 
lack validation with observational data. Denolle 
et al. (p. 399) developed an independent 
method to predict ground motion using virtual 
earthquakes and information gleaned from 
background seismic noise. This ambient seismic 
field—generated by sources such as the 


350 


wow | 


~~ FS 


Living Technicolor>> 


Color vision is generally carried out through the 
number of photoreceptor types found in the retina. 
The mantis shrimps (stomatopods) can have up to 
12 photoreceptors, far more than needed for even 
extreme color acuity. Thoen et al. (p. 411; see the 
Perspective by Land and Osorio) conducted paired 


color discrimination tests with stomatopods and 
found that their ability to discriminate among colors 
was surprisingly low. Instead, stomatopods appear 
to use a color identification approach that results 
from a temporal scan of an object across the 12 
photoreceptor sensitivities. This entirely unique 
form of vision would allow for extremely rapid color 
recognition without the need to discriminate be- 


tween wavelengths within a spectrum. 


oceans and atmosphere—produces differences 
in ground motion in the Los Angeles Basin 
compared to simulations, but suggests that 
locally shaking could on average be 3 times 
larger than the surrounding areas. 


Observing the Messenger 


In order to elucidate the dynamics of individual 
components in the cell, single-molecule 
technologies are being developed (see the 
Perspective by Akbalik and Schuman). Park 
et al. (p. 422) used a mouse expressing 
fluorescent B-actin messenger RNAs (mRNAs) to 
visualize mRNA movements in living cells and 
tissues. Buxbaum et al. (p. 419) showed that 
neurons contain B-actin mRNAs and ribosomes 
packaged in a dense structure, impenetrable by 
oligonucleotide probes. This effectively masks 
the mRNAs until neuronal stimulation exposes 
the mRNA and ribosomes briefly, presumably 
reflecting the local stimulation and translation 
involved, for example, in the generation of 
memories. 


Sensing HIV 


The depletion of quiescent CD4* T cells from 
lymphoid organs is a major event contributing 
to the development of AIDS. The accumulation 
of incomplete HIV DNA transcripts in the 
cytoplasm of these cells, which do not 
themselves become productively infected, is 
somehow sensed, which triggers cell death. 
Monroe et al. (p. 428, published online 19 
December; see the Perspective by Gaiha and 
Brass) now identify the host DNA sensor as 
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interferon-y—inducible protein 16, which 
senses viral DNA and activates pyroptosis, an 
inflammatory cell death pathway. 


Dust in the Sea 


The effect of windblown dust on marine 
productivity in the Southern Ocean is thought 
to be a key determinant of atmospheric CO, 
concentrations. Lamy et al. (p. 403) present a 
record of dust supply to the Pacific sector of the 
Southern Ocean for the past one million years, 
derived from a suite of deep-sea sediment 
cores. Dust deposition during glacial periods 
was 3 times greater than during interglacials, 
and its major source region was probably 
Australia or New Zealand. 


Breaking Tumor Dogma 


Canine transmissible venereal tumor (CTVT) is an 
unusual form of cancer because the infectious 
agent is not a virus or bacterium but the tumor 
cells themselves, which are passed from one dog 
to another during coitus. To explore the molecular 
features of the tumor and its possible origins, 
Murchison et al. (p. 437; see the Perspective 

by Parker and Ostrander) sequenced the 
genomes of two CTVTs and their host dogs, one 
from Australia and one from Brazil. Although 
CIVT has acquired a massive number of genomic 
alterations, including hundreds of times more 
somatic mutations than are normally found 

in human cancers, the tumor cell genome has 
remained diploid and stable. Indeed, CTVT may 
first have arisen in a dog that lived more than 
10,000 years ago. 


24 JANUARY 2014 VOL343 SCIENCE www.sciencemag.org 


CREDITS (TOP TO BOTTOM): ROY CALDWELL/UNIVERSITY OF CALIFORNIA, BERKELEY; DA SILVA NETO ET AL. 


CREDITS: (TOP LEFT) ESRC GENOMICS NETWORK; (RIGHT) WILDPIXEL/ISTOCKPHOTO.COM 


Paul Boyle is president 
of Science Europe and 
chief executive of the 
UK Economic and Social 
Research Council. 
E-mail: ESRC.CEO@ 
esrc.ac.uk 


Challenges for New ERC President 


THIS MONTH, JEAN-PIERRE BOURGUIGNON BEGAN HIS TENURE AS PRESIDENT OF THE EUROPEAN 
Research Council (ERC). This is a daunting task for many reasons: The growing ERC bud- 
get requires that it be carefully positioned within a complex array of European funding 
opportunities; embedding the presidential role into the ERC executive agency in the Euro- 
pean Commission’s Directorate-General for Research and Innovation potentially reduces 
ERC’s independence; and variable success rates for acquiring ERC funding are concerning, 
and research expectations will need to be managed. 

The ERC provides competitive funding for researchers worldwide, with no thematic top- 
down steers. Most awards are allocated through starting grants for early-career scientists 
and advanced grants for senior scientists. “Synergy” and “proof-of-concept” schemes have 
been added recently, although Bourguignon acknowledges that they have had mixed suc- 
cess.* The 60% increase in the ERC budget to around €13 billion (€1.8 billion per year from 
2014 to 2021) has been welcomed by researchers, particularly because the ERC is regarded 
as relatively unbureaucratic, focused on excellence, and encouraging of innovative ideas. 

Simultaneously, there are many excellence-focused national funding programs, and the 
ERC needs to meld sensibly into this complex environment. ERC support for basic research 
should complement and not replace national project-based competi- 
tive funding. In many respects, the ERC has been modeled on best 
national practices, and one priority is that the ERC discuss future 
strategic directions with the national funding agencies that are repre- 
sented through Science Europe. Funding for basic research is consid- 
erably larger from national agencies. The Deutsche Forschungsge- 
meinschaft alone, only one of the major agencies in Germany, has a 
2014 budget of €2.78 billion for bottom-up research; any thematic 
decisions result from consultation with the German research com- 
munity. With such opportunities for “curiosity-driven” research in 
each European country, it is evident that the ERC needs to continue 
to articulate its added value. For example, unlike national schemes, 
it is open to researchers worldwide, but the number of such grantees 
remains lower than might be hoped. 

Another challenge is that Bourguignon’s predecessor, Helga 
Nowotny, provided high-profile leadership that benefited from her relative independence 
from the European Commission. Although the decision to embed the new president within 
the ERC Executive Agency in the Commission—merging the Secretary General and presi- 
dential functions—may provide administrative benefits, Bourguignon’s ability to represent 
the voice of the research community in such a political role will be questioned, which he 
recognizes.* 

There are also contentious practical challenges, acknowledged by the ERC. Low over- 
all success rates (8.6% for starting grants and 11.8% for advanced grants in 2013) and the 
gender bias in applications and success run the risk of disillusioning applicants, especially 
were these to fall further. Moreover, although the ERC budget has increased, the 2014 bud- 
get is fairly similar to that in 2013, due to the ramped funding profile during the Seventh 
Framework Programme. This means that opportunities are not substantially greater this year 
and that “expectations management” will be necessary, such as the recent tightening of 
rules for resubmitting applications. Managing interdisciplinary applications will continue 
to be challenging, because ERC funding is allocated through three discipline-specific bud- 
get lines, and the review process requires experts in evaluating such multifaceted proposals. 
The low success rates for starting and advanced grants in the social sciences and humani- 
ties raise questions about whether the funding caps in these areas need revisiting. And with 
more than half of the 2012 starting grant awards secured by the United Kingdom, Germany, 
France, and the Netherlands alone, there is concern about researcher concentration, espe- 
cially because ERC grants are portable between institutions. 

ERC is but one part of an excellence-focused European funding environment. By focus- 
ing the ERC on its strengths, I am confident that Jean-Pierre Bourguignon will manage this 
exciting new funding phase with aplomb.* 

— Paul Boyle 


10.1126/science.1250820 


*http://news.sciencemag.org/europe/2013/12/europes-new-basic-research-chief-ready-defend-fundamental-science. 
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CLIMATE SCIENCE 


More Than We Thought 


s 
Ame 


One of the most worrying impacts of climate warming is the sea-level rise 
caused by melting or collapse of the polar ice sheets. The Antarctic Ice 
Sheet contains enough water to raise sea level by roughly 60 m were it 
to melt completely. Most of the work done to determine the influence of 
warming on the Antarctic Ice Sheet has focused on the West Antarctic Ice 


Sheet, which is thought to be the most unstable portion with respect to 
warming. Fogwill et al. consider the East Antarctic Ice Sheet (EAIS), which 
contains 90% of Antarctic ice, using a computer model to examine how 
much of that region may have melted or collapsed 135,000 to 116,000 
years ago during the last interglacial, when the global average air tempe- 


rature was about 2°C higher than it is now (a potential analog for the 
warmer climate of the next century). They focus particular attention 
on the effects of the Southern Hemisphere westerly winds on Southern 
Ocean circulation and the dynamics of the Antarctic ice sheet, concluding 
that the EAIS may have made a significantly greater contribution to sea- 
level rise over that period than currently is believed, with the implication 
that projected changes in the climate of the southern hemisphere may 
constitute a more serious threat to the future stability of the EAIS than 
has generally been appreciated until now. — HJS 

J. Quat. Sci. 29, 91 (2014). 


ECOLOGY 
Count Consumers 


Invertebrate herbivores are an important com- 
ponent of tropical forest ecosystems, and new 
data from forests in Peru quantify their role 

in biogeochemical cycling. Metcalfe et al. sur- 
veyed patterns of herbivory in forests along an 
elevational transect from 300 to 3000 m in the 
Andes, over a full seasonal cycle, to calculate 
rates of herbivory and its effect on pathways of 
nutrient cycling (particularly N, P, and C). Her- 
bivore activity was greater at lower elevations 
and higher temperatures and at high concen- 


esa 


ee 


trations of foliar P, with up to 20% of foliar 
productivity diverted to herbivores over the 
year. Herbivory also contributed an unexpect- 
edly high proportion of N and P inputs to the 
soil. These patterns in turn may have implica- 
tions for future C cycling and sequestration in 


tropical forests, as changes in environmental 
conditions lead to shifts in abundances of 
herbivore populations. Complex as they may 
be, the activities and effects of consumers 
should be incorporated into global vegetation 
models in order to accurately predict the likely 
consequences of global change. — AMS 


Ecol. Lett. 10.1111/ele.12233 (2013). 


BIOMEDICINE 
Happy Gut, Happy Mouse? 


Growing evidence suggests a role for perturba- 
tions in the gut microbe balance (dysbiosis) 
and gastrointestinal (GI) com- 
plications in autism spectrum 
disorders (ASD). Altered microbial 
composition is observed in autistic 
individuals, and subsets of these 
patients exhibit improved symp- 
toms with antibiotic treatment or 
when placed on restricted diets. A 
strong correlation has also been 
observed between GI status and 
autism severity. Recent animal 
studies have revealed that the gut 
microbiota modulate a variety of 
behaviors, including anxiety-like 
and emotional behaviors. Indeed, 
the microbiota affect neurotrans- 
mitter levels, brain gene expression, and vagal 
nerve activation. Dysbiosis may contribute 

to allergy, autoimmune disease, obesity, and 
inflammatory bowel disease. Hsiao et al. were 
able to ameliorate behavioral abnormalities in 
a mouse model of ASD by treating animals with 


the human gut bacterium Bacteriodes fragilis. 
The treatment restored intestinal barrier integ- 
rity, modulated serum metabolites, and helped 
with behavioral symptoms. — SMH 

Cell 155, 1451 (2013). 


BIOMATERIALS 
Glue for the Heart 


The surgical attachment or closure of biological 
tissues typically requires sutures, staples, or glue. 
Both sutures and staples can cause additional tis- 
sue damage, particularly in damaged or juvenile 
tissue. Existing adhesives can be washed away 
under in vivo conditions or may not be strong 
enough to withstand large forces, such as those 
found in the cardiovascular system. Lang ef al. 
designed a hydrophobic prepolymer based on 
poly(glycerol sebacate acrylate) (PGSA), which 
is composed of biocompatible and biodegrad- 
able components, and mixed in a photoinitiator. 
This adhesive was readily spread over a surface 
and provided a strong bond, even with wet tis- 
sue that had been in contact with blood, upon 
cross-linking during a few seconds of exposure to 
ultraviolet light. Tests in rats showed that the ad- 
hesive could be used to attach a polymer patch 
to seal up a left-ventricle wall defect, with similar 
success rates as a suture control group. A second 
set of tests looked at the closure of ventricular 
septal defects within a pig heart. Of the four 
animals that were tested, two were monitored for 
24 hours, while the other two were exposed to 
accelerated heart rate and blood pressure, and in 
all cases the adhesive held firm. — MSL 

Sci. Transl. Med. 6, 218ra6 (2014). 
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Barcelona, Spain 1 


Director Leaves Research Center 
In State of Uncertainty 


A pioneering Spanish stem cell center is 
surrounded by questions in the wake of its 
leader’s departure. Developmental biolo- 
gist Juan Carlos Izpistia Belmonte last week 
stepped down as the director of the Cen- 

ter of Regenerative Medicine in Barcelona 
(CMRB), which he helped create almost a 
decade ago with support from the Catalan 
and Spanish governments. . 
Izpisua Belmonte was per- 
sonally involved in most 
of the research projects 

at the center while also 

a professor at the Gene 
Expression Laboratory at 
the Salk Institute for Biological Studies 
in San Diego, California. 

Press reports, including one in the 
Spanish newspaper E/ Pais that broke the 
story, suggest that he may try to take many 
ongoing projects with him and that this 
could reduce CMRB to an empty shell. 
Andreu Mas-Colell, minister of economy 
and knowledge of the government of Cata- 
lonia, confirms that there are concerns over 
patents and that government lawyers will 
look into the issues. Izpista Belmonte did 
not respond to requests for comment, but 
many expect him to take up research at the 
Salk Institute full-time. http://scim.ag/_CMRB 


LIVE 


Join us on Thursday, 30 January, at 3 p.m. 
EST for a live chat with experts on giv- 
ing patients and research participants 
access to their raw personal data. 
http://scim.ag/science-live 


Bristol Bay, Alaska 2 


Planned Mine Would Put 
Salmon at Risk 


A massive proposed copper and gold mine 
in Alaska would damage the world’s biggest 
sockeye salmon fishery, worth $480 million 
a year, according to a 15 January assess- 
ment released by the U.S. Environmental 
Protection Agency (EPA). It estimates that 
the planned Pebble Mine would destroy up 
to 150 kilometers of salmon streams and 
2165 hectares of wet- 
lands and lakes in the 
Bristol Bay watershed. 
Further impacts could include 


Wetlands near Bristol Bay 


changes to streamflow, leaking mine waste, 
and toxic pipeline failures. Pebble Limited 
Partnership (PLP) CEO John Shively said 
in a statement that EPA’s evaluation was 
rushed and “very flawed,” in part because it 
didn’t consider advanced engineering and 
mining practices. 

A bigger setback for the mine is that 
Anglo American, a half-owner, withdrew 
from the project in September, implying 
the financial risk was too high. In Decem- 
ber, another major partner, Rio Tinto, 
announced that it is also considering pull- 
ing out. PLP has spent $600 million on 
studies to plan for the mine, but has not yet 
applied for key permits. 


Rosetta and Philae 


Darmstadt, Germany 3 


European Comet-Chaser 
Emerges From Hibernation 


The European spacecraft Rosetta has roused 
from a 957-day nap and is preparing to close 
in on its target: the comet 67P/Churyumov— 
Gerasimenko. Rosetta had been put into 
hibernation as sunlight became too dim to 
sustain its solar-powered systems, but on 
20 January it successfully signaled to the 
European Space Agency (ESA) control cen- 
ter in Germany. “This was one alarm clock 
not to hit snooze on,” said Fred Jansen, ESA’s 
Rosetta mission manager, in a statement. 
The unprecedented mission will ride 
along with the comet for more than 
18 months during its close approach to the 
sun. Samples from the comet’s surface and 
atmosphere could offer insight into the for- 
mation of planets and suggest whether com- 
ets could have supplied Earth with water. 
Scientific observations will begin in May, 
and Rosetta will dispatch its lander, Philae, 
onto the comet’s surface in November. 
http://scim.ag/_awake 


NEWSMAKERS 


‘Nobel of the Geosciences’ 
Goes to Mountain Man 


The Royal Swedish 
Academy of Sciences 
last week awarded the 
2014 Crafoord Prize 
in Geosciences—and bw 
about $620,000 in prize Ve. 
money—to geophysi- ia 
cist Peter Molnar, 70, ‘Molnar 
of the University of 

Colorado, Boulder. Trained as a seismolo- 
gist, Molnar has worked with everyone from 
geologists to atmospheric scientists and says 
he has used “any technology I can get my 
hands on” to understand what happens when 
continents collide and how the resulting 
high places affect climate downwind. 
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The academy unveils one Crafoord 
prize per year, in astronomy and math- 
ematics, biosciences, polyarthritis, or geo- 
sciences. This year’s honoree says he never 
misses a chance to venture into the high, 
cold places of the Himalayas and Tibetan 
Plateau, even if he’s only carrying rock 
samples for his teammates. “I enjoy so 
much of what I do,” he says. “We’ve come 
a long, long way the last 40 years, but then 
damn wrenches get thrown” into the devel- 
oping picture of how colliding continents 
behave. He sees no end to the fun. 


Psychologists Nab First 
National Academy Prize 


The U.S. National 
Academy of Sciences 
(NAS) inaugural Prize 
in Psychological and 
Cognitive Sciences 
goes to pioneers in 
neural network model- 
ing and the developing 
brain. Stanford Univer- 
sity psychologist James 
McClelland is known 
for his role in describ- 
ing “parallel distributed 
processing,” a model 
for how cognition arises 
from an interconnected 
network of neurons. His 
8 co-recipient, cognitive 
> psychologist Elizabeth Spelke of Harvard 

® University, has focused on infants and chil- 
dren to reveal how the young brain repre- 
sents concepts such as numbers and spatial 
relationships. McClelland and Spelke will 
each receive $200,000 for their “significant 
contributions to our understanding of how 
« the brain works,” said NAS President Ralph 
8 J, Cicerone in an announcement of the new 
= biannual prize last week. 
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NOTED 


>Chinese researcher Chen Yingxu was 
sentenced to 10 years in prison on 
7 January after an audit uncovered that 
he had embezzled about $1.55 million 
from a massive water-quality research 
grant (Science, 9 August 2013, p. 598). 
Chen's lawyer has blasted the sentence 
as too harsh, claiming that his client 
had returned the money before the 
audit occurred. 
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Three 0's 


The improbable pioneer of basketball diplo- 
macy has an equally eccentric scientist in 
his entourage. Joseph Terwilliger, 48, a 
statistical geneticist at Columbia Univer- 
sity (and sometime tuba player, Lincoln 
impersonator, and competitive hot dog 
eater), won a meeting with Dennis Rodman 
as a prize in a charity auction last April. 
Because Terwilliger speaks Korean and has 
connections in Pyongyang, Rodman’s camp 
enlisted him to help coordinate the Hall of 
Famer’s next visit. Terwilliger shared his 
recent experiences with Science. 


Q: Last July, you spent 3 weeks teaching at 
Pyongyang University of Science and Tech- 
nology. What was that like? 


NEV 


4 Kindred spirits. Terwilliger and Rodman. 


].1.: I viewed my role there as one of showing 
the positive side of the American people to 

a population who has heard mostly negative 
stereotypes about us. [Students said they] 
needed to think twice about their opinions of 
American people as a result of our interac- 
tions. They said the very same thing about 
their experiences viewing Dennis Rodman’s 
visit to their country in February of 2013. 


Q: Has traveling with Rodman changed 
your life? 

].1.: No, I have kept a very low profile. Sure, 
my photo is all over the place, but most 
people just ask “Who is the crazy looking 
bearded guy with Dennis?” I was just there 
to assist him, to help with translation. 


Q: Do you see an opportunity to engage the 
North Koreans through science diplomacy? 
J.T.: [hope to have more opportunities to 
interact with the North Koreans on a scien- 
tific level—in fact that was a large part of 
my motivation to get involved with 
Rodman’s efforts as a way to build con- 
tacts, connections, and trust, so something 
positive could happen down the road. 
Extended interview at http://scim.ag/Rodtrip. 


Random Sample 


Young Editors Ask 
Neuroscientists: 
‘Why Should | Care?’ 


While sitting on a scientific review panel, 
University of California, Berkeley, neurosci- 
entist Robert Knight once “got so profoundly 
bored” that he brainstormed ways to enliven 
the process. What if kids were in charge of 


reviewing journal articles, he wondered? Although it took a few years, Knight has now convinced 
the Nature Publishing Group (NPG) to launch an online research journal called Frontiers for Young 
Minds which is not only geared toward kids, but edited by them. A team of nearly 50 grown-up 
neuroscientists volunteer to write about topics ranging from how we see color to why we sleep, and 
editors ages 8 to 18—assisted by mentors, often graduate students—wield the red pens. 

More than a dozen articles have already been published and, Knight says, “not one scientist 
has complained about something the kids wanted to fix.” That’s in spite of some pretty tough 
criticism. “| can see that it shows something about how the brain works,” wrote one uncompro- 
mising young editor, “but it is not obvious how this knowledge will help with anything.” So far, 
most editors are the children of scientists, but Knight says that the journal will launch efforts to 
attract a broader range of students, including kids from disadvantaged backgrounds, at the USA 
Science & Engineering Festival in April. He plans to create Spanish and Chinese versions of the 
journal, and NPG may also launch parallel projects for different scientific disciplines. “My wife 
can tell when I’m working on the journal because I’m happy,” Knight says. 
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Divulging DNA Secrets 
Of Dead Stirs Debate 


When Gloria Petersen began hunting for gene 
mutations behind pancreatic cancer, she knew 
that nearly all of the more than 3300 patients 
in her study would die—and one by one, most 
have. But the posthumous knowledge they left 
behind put Petersen, a genetic epidemiologist, 
inan uneasy position. Several of the mutations 
she found, such as those in the gene BRCA2, 
can set in motion breast cancer, ovarian can- 
cer, or melanoma—tumors that, unlike those 
in the pancreas, can be prevented or caught 
early. It dawned on Petersen that the DNA in 
her freezers brimmed with information rel- 
evant to the living—her patients’ families. 

Was she obliged to alert adult children, 
siblings, or cousins to consider genetic testing? 
Was it even legal—not to mention ethical— 
to share health information obtained through 
a research study without a patient’s consent? 
“That,” she says, “was my dilemma.” 

Petersen, who works at the Mayo Clinic 
in Rochester, Minnesota, is among the first 
trying to glean answers to these questions. 
With help from a legal scholar and a medical 
anthropologist, and a $2.4 million grant from 
the National Cancer Institute in Bethesda, 
Maryland, she’s now evaluating how to 
return genetic information to relatives of a 
research participant who has died. 

Others are facing similar predicaments. 
At a major U.S. cancer center, for example, 
researchers recently unearthed a cancer 
gene mutation in banked tissue from a 
deceased study participant. After a round of 
soul-searching and legal discussions about 


whether and how to share the news with 
family, they are leaning toward reaching out. 

The problem is sure to grow. “Think of 
all the biorepositories sitting around with 
information, and their source individuals 
are dead or dying,” says Susan Wolf, a law 
professor and bioethicist at the University of 
Minnesota, Twin Cities, who is collaborating 
with Petersen. “We’re talking about medical 
information of potential significance to 


“We're talking about medical 
information of potential 


significance to survivors.” 
—SUSAN WOLF, UNIVERSITY OF MINNESOTA 


survivors.” There might be clues to gene- 
drug interactions, and genetic risks factors 
for everything from Alzheimer’s disease 
to cancer. 

Inthe United States, once a person dies their 
“personal representative”—often, by state 
law, the executor—has access to their health 
information. If that information is relevant 
to family members, doctors may advise the 
representative to disseminate the news. But 
the law is less clear when it comes to research 
results, and scientists don’t typically feel the 
same obligations to their study volunteers as a 
physician might to a patient. It’s also unclear 
whether research findings become part of a 
person’s official medical record, Wolf says. 

More and more, researchers are thinking 
ahead, having study participants specify who, 
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if anyone, can access their genetic 
results. Memorial Sloan-Kettering 
Cancer Center and a coalition of Dutch 
cancer centers, for example, recently 
began, or plan to begin, asking 
participants who should receive results 
if they are “no longer available.” 

Leslie Biesecker, chief of the 
Genetic Disease Research Branch 
at the National Human Genome 
Research Institute in Bethesda, 
Maryland, considered something 
similar for his study, ClinSeq. It’s 
returning a broad range of genetic 
findings to more than 1200 people. 
But he eventually decided not to ask 
for guidance from participants, because 
family dynamics can change. Instead, he 
relies on the executor, normally a trusted 
family member, to convey what the 
deceased would have wanted. “We’re very 
hesitant to paint ourselves into a corner by 
a designation made years ago that may no 
longer be valid,” he says. 

“You’re in the real and messy world of 
families,” Wolf agrees. 

So should a research subject’s wishes 
be honored after death at all costs, even if 
that means their relatives won’t learn about 
a disease that’s potentially preventable? 
“Painfully, yes,” says Emile Voest, medical 
director of the Netherlands Cancer Institute. 
But Wolf hopes to strike a balance between 
the wishes of the now-deceased volunteer 
and the medical needs of their survivors. 
In some respects, she says, the answer may 
be culturally specific and depend on how 
different countries value family versus 
individual rights. 

As part of her collaboration with Wolf and 
Barbara Koenig, a medical anthropologist at 
the University of California, San Francisco, 
Petersen recently surveyed 3000 people with 
pancreatic cancer and their families and 3000 
controls, seeking input about privacy and 
information-sharing after death in different 
scenarios. Relatives nearly always say, “ 
‘If you know that I have a BRCA2 mutation 
in my family, you have an obligation to let 
me know,’ ” Koenig says. But depending on 
how and with whom information is shared, 
disclosure may be “deeply in conflict” 
with the Health Insurance Portability and 
Accountability Act passed in 1996, as well as 
state privacy laws. 

Perhaps the knottiest question when a study 
volunteer is dead is how to return information 
to relatives if the researcher doesn’t know 
whether they want it. Petersen, Koenig, and 
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Wolf are now debating how best to go about 
this for BRCA2, one of four key genes in which 
Petersen found mutations linked to pancreatic 
cancer. The mutations in these genes turned up 
in 73 of the deceased volunteers, meaning that 
hundreds of family members may also carry 
them. “Do you call people up and say, ‘We 
know something, do you want to know?’ ” 
Koenig wonders. Another option is to mail 
a newsletter to all families, offering general 


U.S. SPENDING 


information about the genes in question—but 
this, the researchers worry, may fail to convey 
sufficient urgency. 

Other institutions, convinced they can’t 
override informed consent agreements signed 
with research volunteers, are trying to keep 
themselves out of sticky situations. At Sloan- 
Kettering, researchers studying samples from 
donors who may have died must anonymize 
the samples if they’re testing for inherited 


\ 
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gene mutations. Dutch cancer centers 
normally do the same, Voest says. 

Wolf and her colleagues plan this fall to 
share draft guidance for the community about 
when and how to return genetic results to next 
of kin. “I’ve been sitting on it for a long time 
with these families,” Petersen says, referring 
to the DNA stored in her lab. Now, she’s 
hoping to get the word out. 

—JENNIFER COUZIN-FRANKEL 


NIH Is Losing Its Funding Edge, 2014 Budget Suggests 


The National Institutes of Health (NIH) 
receives nearly one-half of what the federal 
government spends on basic research. But 
when it’s time to dole out more dollars, NIH 
may no longer be the first among equals. 

A December agreement to ease the pain 
of last year’s across-the-board spending 
cuts known as sequestration freed up some 
$22 billion in additional discretionary funding 
for domestic programs. But in a break from 
the past, agencies supporting the physical 
sciences and engineering research did much 
better than NIH in the 2014 budget that was 
enacted last week (Science, 17 January, 
p. 237). And analysts say the pattern could 
repeat itself in the 2015 fiscal year, when 
legislators have no more to spend. 

Although science advocates typically 
campaign for increases across all fields, NIH 
has dominated spending 
ever since Congress began 
an unprecedented 5-year 
budget doubling in 1998. 
In fact, NIH’s 2004 budget 
was larger than the entire 
federal investment in 
research in 1988. 

The doubling, pushed 
by a handful of powerful 
legislators who capitalized 
on a booming economy and 
on the traditional bipartisan 
support for science within 
Congress, actually caught 0 
advocates by surprise. In 
1995, then—NIH Director 
Harold Varmus warned 
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a “steady-state environment that is likely to 
persist for the foreseeable future.” But once 
achieved, the doubling raised expectations 
among biomedical researchers that NIH 
would receive the largest share of any extra 
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money spent on research. That attitude was 
reinforced by the $10 billion bonanza NIH 
reaped in the 2009 stimulus bill. 

Federal policymakers have tried to correct 
that imbalance. In 2006, then—President 
George W. Bush proposed a similar doubling 
for the National Science Foundation (NSF) 
and two other key agencies supporting the 
physical sciences. The next year, Congress 
overwhelmingly passed the America 
COMPETES Act, which laid out that path. 
But the money never showed up. 

Meanwhile, NIH’s budget has languished 
since doubling ended. Sequestration took a 
$1.5 billion bite out of its 2013 budget, and this 
month Congress restored $1 billion, giving it 
a 3.5% bounce. In contrast, lawmakers gave 
double-digit increases to some agencies that 
support the physical sciences. 


Birth of a Biomedical Science Giant 


“84 88 ‘92 ‘96 


‘> Other research agencies 


‘00 ‘04 


NIH’s rising share of federal research spending was fueled by a 5-year doubling of its budget. 


Dan Sarewitz of Arizona State University, 
Tempe, thinks legislators are more worried 
about the economy and unemployment than 
they were 15 years ago and don’t necessarily 
see NIH as a job creator. “Basic research in the 
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physical sciences and engineering retains rare 
bipartisan appeal,” Sarewitz says. “Everyone 
still loves NSF, and connects physical sciences 
to jobs, which is what everyone worries about 
now, as they should, more than health.” 

Other factors are also in play. NIH faces 
stiff competition within its appropriations 
subcommittee from other social programs, 
and some veteran members may be suffering 
from postdoubling “NIH fatigue.” This 
year’s budget also addresses several pressing 
needs at NASA and across the Department 
of Energy’s national labs that lawmakers 
apparently felt couldn’t wait. 

President Barack Obama’s State of the 
Union address next week marks the start of 
the 2015 budget process. But biomedical 
research advocates aren’t backing down. 

“IT could make the same argument for 
the life sciences about job 
creation,” says former 
Representative John Porter 
(R-IL), a leader of the 
doubling push. Now chair 
of the lobbying group 
Research! America, Porter 
says the path toward more 
research funding is for 
Congress to revise the 2011 
budget agreement that 
triggered the across-the- 
board cuts. “The best thing 
for science is to get rid of 
the sequester and reform 
entitlement programs,” he 
says, echoing an argument 
made by Obama and 
congressional Democrats. 

Nobody expects Congress to get serious 
about the 2015 budget until after voters elect 
a new Congress in November. Then NIH’s 
budget prowess will be put to a stern test. 

—JEFFREY MERVIS 
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Nano-Imaging Feud Sets Online Sites Sizzling 


Scientific controversies often sort them- 
selves out as new data roll in. But a decade- 
old dispute in nanoscience shows no sign 
of letting up. Researchers on both sides 
are claiming that recently published papers 
settle the debate in their favor, while one is 
charging his opponents with resorting to an 
electronic bullying campaign. 

The clash dates back to a 2004 Nature 
Materials paper in which researchers 
led by Francesco Stellacci, then at the 
Massachusetts Institute of Technology 
(MIT) and now at the Swiss Federal Institute 


spot signatures consistent with Stellacci’s 
stripes seals the deal, says Biscarini, a 
chemist and expert in scanning microscopy. 
“In my mind the controversy is over.” 
Stellacci’s critics—chiefly U.K.-based 
STM experts Raphaél Lévy of the University 
of Liverpool and Philip Moriarty of the 
University of Nottingham—were quick to 
respond. All along they have contended 
that Stellacci and his colleagues made 
basic mistakes in their imaging studies. For 
example, they say, the original “stripes” were 
created by electronic feedback in the STM. 


See anything? An image of gold nanoparticles from a 2004 paper (left) showed features that Francesco 
Stellacci interprets as organic “stripes” (model, right) but that critics attribute to STM feedback. 


of Technology in Lausanne (EPFL), reported 
that they had created gold nanoparticles with 
stripes of two different organic compounds, 
which the team imaged using a scanning 
tunneling microscope (STM). Stellacci says 
such stripes could help nanoparticles enter 
cells and thus might be useful for delivering 
medicines or imaging agents. But critics took 
to blogs, arguing that the stripes were likely 
artifacts of Stellacci’s attempt to image 
features at the very limit of resolution. 

Researchers on the outskirts of the 
fray are bewildered at the intensity of the 
dispute, saying the scientific stakes are 
modest. “I’m stunned at how long this 
has been going on,” says Kevin Kelly, a 
scanning tunneling microscopist at Rice 
University in Houston, Texas. 

Four pro-stripe papers by Stellacci and 
other researchers have stoked the debate. 
Fabio Biscarini of the University of Modena 
and Reggio Emilia in Italy is the lead author 
of one, co-authored with Stellacci and 
published in Langmuir late last year. The fact 
that four labs using a variety of techniques 


Now, in an article posted on the arXiv online 
physics preprint server and submitted to 
PLOS ONE, they charge that the new papers 
are riddled with cherry-picked images, 
patterns imposed on what is essentially 
noise, and other mistakes that undermine the 
authors’ interpretation of the data. 

Just as fierce is the metadispute over the 
way the critics of Stellacci’s experiment 
have waged their campaign. Stellacci 
notes that his critics have made four formal 
misconduct charges against him: two to 
MIT and one each to EPFL and the journal 
ACS Nano. Investigators cleared him in 
all four cases. What’s more, apart from a 
couple of papers in journals, the critics have 
posted most of their denunciations online 
in blogs, on Twitter, and in anonymous 
comments on the postpublication criticism 
website PubPeer. Numerous harsh critiques 
of Stellacci’s work, both anonymous and 
attributed, have appeared on a blog Lévy 
runs on his research group’s website. 

“T have been subject to chemical cyber- 
bullying,” Stellacci says. “I understand 


what kids that commit suicide go through.” 
Instead of engaging in such “unethical 
and unprofessional” conduct, he says, the 
skeptics should go through the normal 
channels of peer review and publish their 
data in journals so the scientific process can 
work through the issues. 

But the critics say their adversarial 
approach is normal science at work and that 
researchers should not hide behind the cloak 
of peer review. “I have no time at all for this 
argument,” Moriarty says. “If you’re publicly 
funded, tough. Get out there and face your 
critics.” He and Lévy say they were forced 
to go online in this case because the peer- 
review process was far too slow. Lévy says 
he had to wait 3 years to get a manuscript 
published in response to the original Nature 
Materials paper. “It shows there are serious 
problems with the way science is evaluated 
[using peer review],” Lévy says. He adds 
that he has “no personal conflict” with 
Stellacci and would post unedited any 
rebuttal or commentary Stellacci cared to 
send. Stellacci, however, says he refuses 
to be drawn into an unending scuffle with 
opponents who misrepresent his work. 

Kelly agrees with critics that the stripes 
in the original paper “look like an imaging 
artifact,” but he and others say the jury is 
still out on more recent reports. The bottom 
line, Kelly says, is that trying to take images 
of stripes just two to three molecules wide 
on a tiny curved surface pushes the current 
limits of nanoscience. “They are trying to do 
a really hard measurement,” he says. 

As scientific imbroglios go, this one 
pales beside such once-raging controversies 
as cold fusion, arsenic-based life, and credit 
for the discovery of HIV. “This can be seen 
as a minor storm in a nano teapot,” Moriarty 
acknowledges. But, he says, he feels 
compelled to respond to prevent mistakes 
from proliferating through the literature. 

Now, Moriarty and Lévy are getting a taste 
of their own maelstrom: Their recent paper 
touched off a heated debate on PubPeer, in 
which a commenter labeled “Unregistered 
Submission” has repeatedly picked apart 
their science. Moriarty suspects either 
Stellacci or one of his students or co-authors. 
(Stellacci denies any involvement.) “I would 
prefer to get rid of anonymous comments, 
and I am glad that Francesco Stellacci and 
I have that in common,” Moriarty says. For 
now, as the tempest roils on, that’s about all 
they agree on. —-ROBERT F. SERVICE 
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INTELLECTUAL PROPERTY 


Historic Patent on Embryonic Stem 
Cells Faces Scrutiny 


Human genes cannot be patented 
because they are a product of 
nature, the U.S. Supreme Court 
concluded in landmark ruling this 
past June. So why allow anyone to 
patent human stem cells, also argu- 
ably a product of nature? 

That question is now before 
a U.S. court in a suit brought by 
Consumer Watchdog (CW), an 
advocacy group in Santa Monica, 
California. The new lawsuit aims 
to invalidate a 2006 patent awarded 
to biologist James Thomson, who 
in 1998 was the first to isolate and 
culture a long-sought population of 
stem cells from human embryos. 

If the challenge succeeds, and a 
critical initial hearing on itis expected 
this month in a federal appeals court 
just below the Supreme Court, it 
could have broad implications. Over the long 
run, a win by CW could expand the sweep of 
the Supreme Court’s gene patent ruling and 
make other biopatents more vulnerable to 
invalidation, potentially scaring off investors. 
More immediately, it could cut off a stream of 
revenue for the Wisconsin Alumni Research 
Foundation (WARF), an offshoot of the 
University of Wisconsin, Madison, where 
Thomson has worked for many years and 
now heads a regenerative medicine program. 

The fight’s potential effect on stem 
cell science, however, is less clear. Many 
scientists are unconcerned, saying they’ve 
moved on from the technology at issue in the 
case. But patent attorney Konstantin Linnik 
of the Boston law firm Nutter McClennen & 
Fish isn’t so sanguine: Scientists “often like 
to think [they’re] not the ones” who will be 
affected by such cases, he says. 

CW’s challenge reflects how the 
Supreme Court decision is changing the 
landscape of biopatent litigation. That 
ruling specifically invalidated patents on the 
cancer genes owned by Myriad Genetics of 
Salt Lake City. The court said that human 
DNA, even if it has been isolated through 
a tremendous research effort, still remains a 
natural product, and thus unpatentable. The 
court didn’t say much about how to apply 
this new policy, leaving open the possibility 
that other biological materials fall under a 
shadow of unpatentability. 


In the current case, filed last year, CW 
claims that stem cells fall squarely under 
this shadow. Specifically, it targets WARF’s 
U.S. patent 7,029,913, which is due to 
expire in 2015. But to get the case heard, 
the group must first clear some hurdles, 
including proving that it has legal grounds 
or “standing” to sue—the subject of the 
upcoming hearing. 

WARF argues it does not. CW’s 
members were not harmed in any way by 
the patent, the foundation says, so they have 
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views the controversy, but they weren’t 
public as Science went to press. 

If CW does get into court, it will push 
the argument that WARF is trying to patent 
nature. In its briefs, the group also lays 
out allegations—all made before—that 
the WARF patent covers work that was 
somewhat obvious, a modest extension 
of previous research, and enabled by 
Thomson’s unique access to embryo tissue. 
They further argue that the invention was 
not novel, as it was anticipated by other 
scientists. WARF rejects each of these points 
in its briefs, noting that Thomson’s patent is 
based on his specific achievement of being 
the first to isolate and maintain a long-lived 
culture of human embryonic stem cells. No 
one denies that, WARF says. 

Such jousting doesn’t seem to worry many 
stem cell scientists. In part, they say, that’s 
because most research groups now emphasize 
or work on only reprogrammed “adult” stem 
cells, not cells derived from embryos. These 
adult cells, also called induced pluripotent 
stem (iPS) cells, aren’t as controversial 
as embryo-derived cells and don’t have 
the same ethical and legal problems. And 
because they’re lab-engineered, many people 
say iPS cells are not vulnerable to a “product 
of nature” challenge. 

The WARF patent fight is “of no concern 
at all for iPS cells,” contends Nicholas 
Seay, an attorney who drafted the language 
for Thomson’s patent and is now chief 
technology officer of Cellular Dynamics, a 
supplier of iPS cells. The Wisconsin firm, 
which Thomson helped found, early on made 
a huge investment of time and money to nail 
down a “clear title” to every iPS cell line it 
provides, Seay says. He calculates that the 


US 7,029,913 B2 
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New challenge. James Thomson's 2006 patent on 
human embryonic stem cells (top) is back in court. 


no standing. But CW argues in legal briefs 
that it is entitled to a hearing because its 
petition to invalidate the patent was rejected 
the U.S. Patent and Trademark Office, and 
U.S. law guarantees an appeal. CW also 
argues that the new Myriad decision must 
be taken into account. The federal court 
hearing the matter ordered the Justice 
Department and patent office to file briefs 
explaining how the Obama adminstration 


(52) U.S. Ch ccccccceneee 435/363; 435/366; 435/373 
(58) Field of Classification Search ................ 435/366, 
435/325; 800/8 


company has secured licenses from “dozens” 
of sources covering “over 700” patents and 
other intellectual property rights. 

Such careful patent planning could 
become even more important if CW wins its 
case. Patent attorney Linnik says U.S. courts 
have been “steadily chipping away at the 
patentability of biotechnology inventions.” 
As result, he warns that even scientists 
“cheering on” CW’s challenge could come 
to regret it, as they find it “harder and harder 
to patent their own inventions.” 

—-ELIOT MARSHALL 
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SCHOLAR RESCUE 


A Lifeline for Syria’s Science Exiles 


For Talal Al-Mayhani, the defining moment 
of the ill-fated Syrian Spring came in June 
2011. As the uprising against the regime was 
gaining momentum, the young neuroscientist 
took part in an opposition summit in Damas- 
cus. During a press conference, two strang- 
ers shouted at Al-Mayhani and others on the 
podium, calling them traitors and dogs. In the 
days that followed, attendees were arrested 
and he received chilling phone threats. A 
month later, Al-Mayhani fled, returning to the 
University of Cambridge in the United King- 
dom, where he had earned his doctorate. 

Many of Al-Mayhani’s colleagues, 
however, have no such escape route. 

As violence in Syria escalates and the 
regime increasingly targets academics, 
an international effort to support Syria’s 
beleaguered scholars with visas, fellowships, 
and guest appointments is gaining 
momentum. The Institute of International 
Education (IIE) in New York City has handed 
out 43 yearlong academic fellowships to 
displaced Syrians since the current conflict 
began. Now, it is appealing for funds, and for 
safe havens to step forward. Several hundred 
European universities have pledged to take 
at least one student, and the philanthropic 
Carnegie Corporation of New York has 
chipped in $500,000 for fellowships, which 
provide up to $25,000 to scholars. But “the 
need is 10 or 100 times what any ofus are able 
to raise,” says ITE President Allan Goodman. 

As Syria’s civil war drags into a third 
year, reports of interrogations and torture 
of professors are becoming commonplace. 
Dozens have been kidnapped for ransom 
or assassinated. University students are 
detained at checkpoints and conscripted 
to fight for the regime or for rebel groups. 


About 30% of Syria’s professors have left 
the country, including many of the best, says 
Amal Alachkar, a neurobiologist from the 
University of Aleppo now at the University 
of California, Irvine. Some have ended up in 
refugee camps, while others have vanished. 
“Higher education, especially research, is 
collapsing,” she says. 

Conditions in Syria deteriorated much 
faster than they did in Iraq after the 2003 
invasion, Goodman says. ““What’s different 
about Syria is that universities were targeted 
right away, professors were threatened right 
away. The regime knew who their opponents 
were and instantly targeted them,” he says. 
“The immediacy of attacking education 
really hasn’t happened in any other place.” 

Insome ways, Syrian academia had thrived 
under President Bashar Assad, who took 
power following his father’s death in 2000. 
University enrollments rose and professors 
were encouraged to set up labs. But campuses 
have always been infested with security 
and intelligence agents, and “informers are 
everywhere,” Alachkar 
says. Regime loyalty, 
evidenced by membership 
in the ruling Ba’ath Party 
and overt patriotism, 
became the litmus test 
for faculty advancement, 
Alachkar says. 

Students were taught to 
not question authority, but 
in the spring of 2011 they 
started to protest openly on 
many campuses. Alachkar 
says she encouraged 
her students to express 
themselves peacefully. “I 


Safe haven. Amal Alachkar found suc- 
cor at the University of California. 


War zone. Bombings at the University of Aleppo in 
January 2013 killed dozens. 


was not brave enough to ignite it, but I was 
waiting for that moment,” she says. Syrian 
intelligence caught wind of her activism and 
interrogated her that March. It was early in 
the uprising, and “they didn’t want to make a 
big fuss,” she says. “They said, ‘We'll let it go 
this time, but be careful.’” 

That July, however, a fellow Aleppo 
professor, Jamal Tahhan, was arrested 
and detained for 5 months after forming a 
committee to document peaceful protests; 
Alachkar says he was tortured. She got the 
message. Less than a year after getting her 
neuroscience lab in Aleppo up and running, 
she shuttered it and left Syria. Aleppo’s 
cancer research unit, which Al-Mayhani had 
helped found, also closed after his departure. 
In mid-2012, the International Center for 
Agricultural Research in the Dry Areas pulled 
out of Aleppo, its former grounds looted and 
“now a war zone,” says Ahmad Sadiddin, 
an agricultural economist from Damascus 
who with an IIE grant found refuge at the 
University of Florence in Italy. 

Many professors and students flee 
without passports across the porous borders 
to Jordan, Lebanon, and Turkey, where they 
often end up in refugee camps. That poses a 
fresh challenge for IIE: “How do you deal 
with professors in camps who can’t travel to 
another country?” Goodman asks. To keep 
the intellectual fires burning, IIE is exploring 
how to provide materials for 3-week courses 
that could be taught by scholars in the camps 
while they await placement in Europe or the 
United States, Goodman says: “Something 
they can do other than sit in their tent and 
worry about how bad things are.” 

With the Assad regime and rebels locked 
in a bloody stalemate, Syrian scholars who 
have started new lives overseas say they are 
forced to take a long view. After returning to 
Cambridge, Al-Mayhani, 
now an IIE scholar, 
co-founded Building the 
Syrian State, a group that 
he says advocates “an end 
to the violence and an end 
to the despotic regime.” He 
says he has come to terms 
with the prospect of never 
returning to his homeland. 
Alachkar knows that may 
also be her fate. “I feel 
like the situation in Syria 
is killing me every day,” 
she says. 

—-RICHARD STONE 
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es to gene expression that 


persist across multiple generations of animals has stirred excitement—and outrage 


MICHAEL SKINNER IS GLEEFULLY LISTING THE DISCIPLINES THAT HE’S 
ruffled with his contention that, without altering the sequence of DNA, 
certain chemicals can cause harmful health effects that pass down gen- 
erations. Toxicologists are so outraged that they have tried to block his 
funding, he says. Geneticists resist having their decades-old under- 
standing of inheritance overturned. Then there are the evolutionary 
biologists, who have “the biggest knee-jerk reaction of all.” 

Skepticism is to be expected, Skinner acknowledges: “This is prob- 
ably going to be the biggest paradigm shift in science in recent history,” 
he declares. 

Skinner is a polarizing figure in an already contentious area of 
biology—transgenerational epigenetic inheritance, or the notion that 
nonmutational changes to an individual’s DNA, such as chemical coat- 
ings that alter a gene’s activity, can persist in their great-grandchildren 


and beyond. When he entered the fray 9 years ago, controversy was 
already emerging over more modest claims that environmental factors 
in childhood, such as stress or poor nutrition, could induce epigenetic 
changes that last into adulthood or into the next generation. Then Skin- 
ner’s reproductive biology lab at Washington State University (WSU), 
Pullman, expanded the debate with a study in Science (3 June 2005, 
p. 1466). They reported that injecting pregnant rats with a common 
pesticide caused sperm abnormalities that persisted in the animals’ 
male progeny for at least four generations—without any changes to 
the DNA sequence itself. Skinner, whose experiments have also impli- 
cated other common chemicals, even suggests that such changes may 
become a permanent part of our genetic inheritance. 

To some scientists, Skinner is a pioneer who has uncovered a new 
and exciting potential driver of evolution, as well as a troubling route 
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by which one generation’s exposure to chemicals could contribute to 
diseases such as obesity and infertility in their descendants. “He’s dem- 
onstrating that this occurs for a wide variety of chemicals. This was a 
big shockeroo” for industry, says psychobiologist David Crews of the 
University of Texas (UT), Austin. 

But skeptics—and there are many—point out that Skinner’s orig- 
inal experiments have not been replicated, despite several attempts. 
They find unconvincing his evidence that specific epigenetic changes 
to DNA are transferred through the germ line. “People will find it hard 
to believe until there are defined mechanisms,” says reproductive biolo- 
gist Cheryl Rosenfeld of the University of Missouri, Columbia. 

Some are also put off by Skinner’s uncompromising personal- 
ity, which has contributed to upheaval within his university. “He’s 
sometimes a little cavalier in the way he presents,” says reproductive 
biologist John McCarrey, an old friend and sometime collaborator at 
UT San Antonio. “I think he feels like, ‘I’ve shown these things and 
people aren’t listening.’ ” 


Man in black 
Skinner seems to relish the role of maverick. He wears a suede 
Stetson and a long black coat during a recent interview in a downtown 
yogurt shop in Washington, D.C. He is in town to receive an “American 
Ingenuity” honor from Smithsonian magazine, 
awarded to 10 people who “are having a revolu- 
tionary effect” on their fields. A related profile in 
the magazine is the latest in a stream of favorable 
media articles recorded on Skinner’s online cur- 
riculum vitae and lab website. 

Skinner, whose family has deep roots in 
the Pacific Northwest, grew up on a ranch and 
started college on a wrestling scholarship. 
After earning a Ph.D. in biochemistry, he built 


“This is probably 
going to be the 
biggest paradigm 
shift in science in 
recent history.” 


Although such methyl tags are known to pass down generations in 
plants and some other organisms, biologists didn’t think this happened 
very often in mammals. That’s because in the formation of sperm and 
eggs and in early embryos, cells go through a reprogramming stage 
believed to wipe away most methylation marks, except on a few genes 
crucial to early development. But the results from Skinner’s team sug- 
gested that methylation marks on additional genes escape this repro- 
gramming, even in generations that had no direct exposure to the 
toxin. (Skinner defines transgenerational effects as those in at least the 
F, generation, the great-grandchildren of the original animal. That is 
because treating a pregnant animal may also expose her embryos and 
the germ cells in those embryos to the toxin—see graphic.) 

In their original study, Skinner’s group did not hold back on the 
implications. “The ability of an environmental factor (for example, 
endocrine disruptor) to reprogram the germ line and to promote a trans- 
generational disease state has significant implications for evolutionary 
biology and disease etiology,” they wrote. 

The resulting Science paper became the most cited paper in 
reproductive biology for 2005; by now, it has more than 1200 cita- 
tions, according to Google Scholar. But it also drew skepticism at 
toxicology meetings. Questions about the paper did lead to a lengthy 
clarification in 2010 explaining that key data from the original study 
were not published in that paper but elsewhere. 
(Skinner says the data were omitted because of 
Science’s space constraints. ) 

More concerning to some, in three pub- 
lished papers, the latest last year, two labs at 
companies that make vinclozolin or a similar 
fungicide tried to replicate the vinclozolin rat 
experiment but found no effects beyond the 
first-generation offspring. An Environmental 
Protection Agency research group has reported 


a solid reputation as a reproductive biologist, 
studying the molecular biology of testes and 
ovary development and founding a center for reproductive biology 
at WSU with more than 100 faculty members. 

His research took a turn around 2000 when a postdoc in his lab, 
Andrea Cupp, studied the insecticide methoxychlor, a so-called endo- 
crine disruptor because it has hormonelike effects in the body. Cupp 
wondered whether the chemical would interfere with the formation of 
ovaries or testes in a pregnant rat’s offspring if injected during a cru- 
cial window in fetal development. That did not happen, but as adults 
the male offspring had lower sperm counts and less motile sperm. By 
accident, Cupp bred these male offspring with the daughters of other 
pregnant rats that had been injected with the chemical. To her sur- 
prise, their male offspring—grandsons of the methoxychlor-treated 
pregnant rats—had the same sperm defects. 

“T didn’t believe her,’ Skinner says, because methoxychlor was not 
known to cause mutations that could account for the heritable effect. 
So he had Cupp repeat the experiment “about 15 times”—with the 
same result. Skinner’s team saw the pattern again with another endo- 
crine disruptor, the fungicide vinclozolin. Startlingly, the effects also 
showed up in subsequent generations of interbred rats, the so-called 
F, and F, generations. 

The sperm problems were passed down to 90% of male offspring 
each generation, which suggested that some unexpected mutation 
could not be responsible. Mutations should be random and increas- 
ingly rare in each subsequent generation, Skinner says. Instead, 
Skinner’s team identified a possible fingerprint of epigenetic changes 
in the rats’ testes: methyl groups added to some genes, which could 
suppress their transcription into protein. 


similar results at meetings. “Doubt in the scien- 
tific community likely arises as a result of these 
conflicting reports,’ Rosenfeld says. 

Skinner says these studies were negative because they “didn’t even 
come close” to following his protocol. In some cases, the researchers 
fed rats the chemical instead of injecting it, as he did. Or they used an 
inbred strain of rats instead of the outbred animals Skinner had studied. 
Toxicologists have long known that strains differ widely in their sensi- 
tivity to chemicals, he notes. 

Some scientists attacked his work from behind the scenes, 
Skinner says. “I’ve had people try to get my [National Institutes of 
Health] grants revoked,” he says. Others blocked further funding, he 
complains. He says that he has struggled recently to support his lab. 
“My funding has dramatically declined because we’re pushing the 
envelope,” he says. 


Bumps in the road 

Meanwhile, problems arose within Skinner’s university. In 2008, he 
stepped down as director of WSU’s Center for Reproductive Biology 
and later moved to another school within WSU because of what he 
labels “political battles” over a campus reorganization involving his 
center. Michael Griswold, dean of WSU’s College of Sciences at the 
time, says he removed Skinner because the center needed a change in 
leadership after 12 years. Skinner also had “some disagreements” with 
members of his original school, Griswold adds. 

Another shadow appeared on Skinner’s professional record in 
2010. Federal officials found that a Taiwanese postdoc in his lab had 
fabricated data in a 2006 Endocrinology paper. Skinner’s group had 
retracted the paper in 2009 because they could not find some of the 
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underlying data. “I thought we had all the checks and balances in place, 
but clearly we didn’t,’ Skinner says. 

Yet Skinner has pressed ahead with his research. With Crews and 
his wife Andrea Gore, also at UT Austin, he reported in 2007 that when 
a female rat was caged with two different males—the F, male offspring 
of vinclozolin-treated pregnant rats and a control animal—the female 
shunned the male descended from a treated rat. The sperm abnor- 
malities Skinner’s team had documented did not affect reproductive 
success, but this behavioral change could bias reproduction, suggest- 
ing that such multigenerational effects could play a role in evolution, 
Crews says. 

Since then, Skinner has examined other chemicals, largely funded 
by a specific allocation—an earmark—within a Department of 
Defense (DOD) spending bill. His local congresswoman, Representa- 
tive Cathy Rodgers (R-WA), and others earmarked $3.7 million over 
4 years to support his search 
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Skinner’s claim that he has identified permanent methylation 
changes in key genes, capable of resisting the normal erasure process 
in germ cells, has not won over the doubters. “I find the methylation 
differences unsatisfying,” says epigenetics researcher Oliver Rando of 
the University of Massachusetts Medical School in Worcester. He and 
others say methylation patterns vary widely among Skinner’s animals, 
so it’s hard to find a clear signal in the noise. 

Skinner agrees that more data would help allay the controversy. 
If he can win funding, he wants to demonstrate that the specific 
methylation marks in a developing F, or F, generation male embryo 
match the methylation patterns in the adult animal’s sperm, which 
would support his claim that these marks are protected from the 
usual erasure process. 

But he dismisses an approach that many have suggested could 
solidify his claims—that he artificially add methyl tags to spe- 


for transgenerational effects 
from chemicals that soldiers 
might encounter. These stud- 
ies, published over the past 
2 years, showed that the 
insecticides DDT and per- 
methrin, jet fuel, plastic addi- 
tives known as phthalates and 
bisphenol A, and dioxin can 
all trigger transgenerational 
health effects in rats such as 
obesity and ovarian disease. 
Each resulted in a different 
pattern of methylation marks 
in the DNA of sperm, Skinner 
says. The DOD funding ended 
in 2011 when House Republi- 
cans banned earmarks. 
Although his papers dom- 
inate the literature, Skinner 
notes that a handful of groups 
have also reported similar 
effects. For example, Emilie 
Rissman’s lab at the Uni- 
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Multigenerational 
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versity of Virginia reported 
in 2012 that exposing preg- 
nant mice to bisphenol A 


Toxic legacy. In a controversial finding, exposing a pregnant rat to a toxin had 
health effects for three generations. The first two were directly exposed in utero, but 
“transgenerational” epigenetic changes may be at work in the third generation. 


can cause changes in social 


behaviors and in behavior- 

related hormones, such as vasopressin, in their F, offspring. Several 
labs have suggested that diet and stress can also cause epigeneti- 
cally controlled health effects that pass through to the F, generation. 
The weight of evidence has convinced some. “I’ve gone from 
skeptic to provisional believer,” says toxicologist Kim Boekelheide 
of Brown University. 


Lingering doubts 

Some of the remaining skeptics speculate (often off the record) about 
factors other than epigenetic changes that could explain the effects 
Skinner’s lab has observed. For example, some kind of change in 
how the F, generation behaves or in the wombs of the chemical- 
exposed animals might alter the offspring’s health in a way that in 
turn influences the health of their descendants, says reproductive 
endocrinologist Richard Sharpe of the University of Edinburgh in 
the United Kingdom. 
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cific genes to see if he can reproduce the effects he observes from 
exposures to pesticides and other chemicals. That’s impractical, 
he says, because his data suggest that “hundreds or thousands of 
epigenetic sites” are involved, and some affected genes may compen- 
sate for others. It is yet another example of the gulf between his views 
and those of geneticists, he says: They are “reductionists,” while “I 
am a systems biologist.” 

To those who don’t flatly dismiss Skinner’s findings, he has raised 
a tantalizing glimpse of a new phenomenon, one that should be 
explored further. Transgenerational epigenetics “‘is either going to be 
blown away or it’s really going to be confirmed and expanded on and 
that’s what I find exciting” says epigenetics researcher Wolf Reik of 
the Babraham Institute in Cambridge, U.K. 

Skinner doesn’t expect answers anytime soon. “I suspect that for 
the rest of my career, there will be skeptics,” he says. 

—-JOCELYN KAISER 
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Selling America’s Fossil Record 


Paleontologists fear that a growing commercial fossil 
industry is swallowing up U.S. fossils and the data they hold 


Last November, in a marketing effort worthy 
of Mad Men, dinosaurs stood poised to take 
over Madison Avenue, courtesy of the New 
York auction house Bonhams. In a Manhat- 
tan atrium, giant mounted skeletons of Tric- 
eratops and Tyrannosaurus rex loomed over 
artfully arranged greenery, while a speci- 
men of two individuals known as the Mon- 
tana Dueling Dinosaurs—still partly encased 
in plaster field jackets—trested on black plat- 
forms. The venue looked just like a museum 
gallery, right down to explanatory placards. 
But the specimens were the property of com- 
mercial fossil hunters, dealers, and others 
looking to make a sale. 

Nearly 20% of the specimens, ranging 
from a large Eocene turtle from Wyoming 
to an Oligocene false saber-toothed cat 
from South Dakota, were rare and carried 
auction estimates between $100,000 and 
$2 million. The star was the Montana Dueling 


Dinosaurs, thought by some to contain both 
a new species of ceratopsid and a small 
tyrannosaur, and was projected to go for as 
much as $9 million, a potential world record. 
Some thought the specimen might settle a 
scientific debate over whether a proposed 
small species, Nanotyrannus lancensis, is in 
fact just a juvenile 7 rex. Thomas Lindgren, 
a co-director of Bonhams’ natural history 
department, told Science that his role in 
organizing this auction was “probably the 
pinnacle” of his career. 

But as curious New Yorkers wandered 
through the preview, many paleontologists 
fumed. To them, the specimens represent key 
data on the origins and evolution of species 
and on past environmental change. Few, if 
any, museums can pay the multimillion- 
dollar asking prices, leaving the market 
wide open to wealthy private collectors, says 
paleontologist Thomas Carr of Carthage 


College in Kenosha, Wisconsin. “From what 
I’ve seen online, some of the specimens are 
scientifically significant, and it makes my 
blood boil that they are up for grabs,” he says. 
When auction day rolled around, most 
of the rare skeletons, including the Dueling 
Dinosaurs, failed to sell. The final bids were 
lower than the owners’ minimum prices, 
suggesting a softening market for fossils. 
That was welcome news for paleontologists 
who oppose putting price tags of any kind 
on scientifically important specimens. But 
the high-profile auction exposed a growing 
schism in American paleontology, between 
those who sell fossils as merchandise and 
those who regard them as scientific data. 
Commercial collectors say there are 
plenty of specimens to go around and that 
university-based paleontologists have access 
to fossils on millions of acres of U.S. public 
land, where private collectors usually can’t 
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On the block. A New York auction house displays 
fossils for sale, including ancient shark teeth 
mounted in a reconstructed jaw. 


get excavation permits. “If they don’t like 
the free enterprise system, don’t participate 
in it, but don’t demonize those that do,” 
argued Mike Triebold, president of Triebold 
Paleontology Inc. in Woodland Park, 
Colorado, in an e-mail interview. 

But paleontologists say that most 
fossil vertebrates and some plants and 
invertebrates are rare and deserve scientific 
study, wherever they are found. “If you find 
an Egyptian tomb, do you put the contents 
in a museum, or do you sell them?” asks 
paleontologist Catherine Forster of George 
Washington University in Washington, 
D.C., president of the Society of Vertebrate 
Paleontology (SVP). “At one time people 
sold Egyptian mummies to tourists, and I see 
the same thing happening now to fossils.” 

As a result, valuable information is 
vanishing, say many paleontologists. “A lot 
of bridges have been burned between the 
commercial collectors and the academic 
world,” says paleontologist Stephen Brusatte 
of the University of Edinburgh in the United 
Kingdom, who studies ancient mammals 
from New Mexico. “A lot of my colleagues 
have had enough.” 


The good old days 

Commercial collectors once worked hand in 
hand with academic paleontologists. In the 
early 19th century, for example, British fossil 
dealer Mary Anning discussed the anatomy of 
fossil fishes with famed Swiss biologist Louis 
Agassiz and discovered key ichthyosaur and 
plesiosaur specimens that helped clinch the 
idea that some species had gone extinct. 

Later, as museums and educational 
institutes started amassing large fossil 
collections, they dispatched private collectors 
into the field. One famous American fossil 
hunter, Charles Sternberg, hunted specimens 
in western North America for nearly a dozen 
museums and universities between the 1870s 
and the 1920s. In 1921 alone, Sternberg 
collected 113 fossil specimens, including one 
complete dinosaur, for Uppsala University 
in Sweden. He got paid $2500, according 
to a 1992 paper put out by the New Mexico 
Geological Society. 

Now, these collegial relations have 
soured in many quarters, creating an angry 
atmosphere that some compare to the 
bitingly partisan relations between political 
parties in the U.S. Congress. Over the 
past 20 years, the number of commercial 
companies involved in the fossil trade in 
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the United States has doubled, from about 
75 companies and individuals to about 150 
today, estimates paleontologist Peter Larson 
of the Black Hills Institute of Geological 
Research Inc. in Hill City, South Dakota; in 
1977 Larson helped found the Association of 
Applied Paleontological Sciences (AAPS), 
an organization of commercial collectors, 
dealers, and paleontologists. 

Under U.S. law, amateur and professional 
fossil hunters can collect specimens on private 
land—with the landowner’s permission— 
and sell them to whomever they choose. In 
exchange for an exclusive license to collect, 
fossil hunters may offer a percentage of sale 
proceeds to landowners, often ranchers in 
the western United States. A sample license 
published online by AAPS specifies a 10% 
cut for the landowner. That’s a tempting 
incentive in dinosaur-rich regions like 
Garfield County, Montana, where the median 
household income between 2007 and 2011 
was $37,500, 29% less than the U.S. median. 
“Many ranchers need opportunities to make 
money off their resources, and dinosaur 
fossils are just one more resource that they 
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Sues, curator of vertebrate paleontology 
at the Smithsonian Institution’s National 
Museum of Natural History in Washington, 
D.C. For example, paleontologists from one 
New Mexico museum say they spent several 
seasons excavating important semiaquatic 
reptiles from Triassic rocks on a private 
ranch, when they were suddenly denied 
access to the land: A commercial fossil 
hunter had swooped in and purchased an 
exclusive collecting right. 

Early fossil hunters sold their impressive 
finds largely to museums, but today many 
collectors seek private buyers. Near Fossil 
Butte National Monument in Wyoming, 
for example, collectors work the Green 
River Formation, layers of fine-grained 
lake sediments dating to some 50 million 
years ago, to find beautiful fossils of Eocene 
fish, turtles, and other species. The website 
of one company, GeoDécor, (accessed at 
www.geodecor.com on 6 December 2014), 
where Lindgren is chief executive officer, 
sheds light on how the fossils are marketed. 
After workers quarry fossil specimens by 
hand, conservators in a GeoDécor laboratory 


Ready to sell. Montana collector Clayton Phipps hoped his specimen with two dinosaurs would fetch $7 million 
or more at auction—a price too high for most museums. 


can potentially get money from,” says 
paleontologist Gregory Liggett of the Bureau 
of Land Management in Billings, Montana. 
These private licenses can be serious 
obstacles to research, some paleontologists 
say. Unlike commercial collectors, 
academic paleontologists have no sales 
proceeds to divvy up with landowners. 
“With this overheated market [for fossils], 
landowners are barring paleontologists from 
working on their land, because now all they 
are seeing is dollar signs,” says Hans-Dieter 
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prepare fossil-strewn slabs as tiles or wall 
murals to be sold as decorations. The 
GeoDécor website shows these specimens in 
upscale living rooms, kitchens, and bedrooms. 

Buyers need not be fossil enthusiasts. 
“We have targeted people who like nature, 
people who are into hunting and fishing 
and boating,” says Greg Laco, president of 
the Logan, Utah—based Green River Stone 
Company, which specializes in selling Green 
River fish tiles and murals. ““We have kind of 
broadened that market.” 
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Forster deplores the interior design trend, 
saying consumers may end up ripping out the 
fossils and throwing them away when they 
remodel their homes. “It’s just a complete 
waste,” she says. “I wish people would see 
them as beautiful pieces of data rather than 
something they need to possess.” 


In search of the dawn horse 

Many Green River fish species are well 
known, so not every fish specimen from the 
formation is scientifically important. But 
sometimes collectors find more than fish. In 
the early 2000s, for example, Jim Tynsky of 
Tynsky’s Fossil Fish Inc. in Kemmerer, Wyo- 
ming, collected a beautifully preserved small 
horse from the Green River Formation. He 
allowed researchers from the Field Museum 
in Chicago, Illinois, to photograph and make 


four casts of the specimen, and paleontolo- 
gist Aaron Wood of the Florida Museum of 
Natural History in Gainesville tentatively 
identified it as Protorohippus venticolus from 
a photograph. This specimen, the most com- 
plete skeleton of'a dawn horse ever discovered, 
is of “great scientific importance,’ Sues says. 
The Equidae, or true horses, first appeared in 
North America about 55 million years ago, 
and “the earliest horses are primarily repre- 
sented by jaws and teeth,” he explains. “Even 
partial skeletons are of great interest because 
they provide insights on locomotion and other 
aspects of biology.” 

The original specimen is still in private 
hands, where it cannot be readily studied by 
scientists. “I approached several museums 
about [buying] it,’ Tynsky says, “but never 
came to an agreement about pricing.” In 
December, the specimen was listed online 
for sale by Touchstone Gallery of Cedar 
Crest, New Mexico. According to a gallery 
representative, the asking price is now 
$2.25 million. 

Triebold says that the high prices of 
large fossil vertebrates are warranted. To 
excavate and prepare an average elephant- 
sized dinosaur skeleton, for example, can 
take between 15,000 and 20,000 hours. “A 
million dollar price tag on a dinosaur doesn’t 
mean you have made a million dollars,” writes 
Triebold in an e-mail. “You might even have 
lost some money if you aren’t careful.” 

Paleontologist Jack Horner at the Museum 
of the Rockies in Bozeman, Montana, 
counters that he and his colleagues collected 
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nearly a dozen T. rex and 100 Triceratops 
specimens at a total cost of $2 million during 
their recent Hell Creek Project. Based on this 
fieldwork, he and his students have published 
47 peer-reviewed papers since 1999, 
including three in Science (25 March 2005, 
p. 1952; 13 April 2007, p. 277; and 3 June 
2005, p. 1456), as well as one edited volume 
and eight dissertation theses. 

Museums do often buy from commercial 
collectors, if they can find the funds. SVP’s 
ethical code censures the “barter, sale 
or purchase of scientifically significant 
vertebrate fossils,” but makes an exception 
for accredited museums that will conserve 
and study specimens. In November, for 
example, the Natural History Museum of 
Denmark in Copenhagen used funds from 
a private foundation to buy a complete 
skeleton of Diplodocus longus at an auction 
in Sussex, U.K. Excavated in Wyoming, the 
specimen sold for $789,205. 

But the high prices are driving many 
museums out of the market. Carr, a senior 
scientific adviser for the Dinosaur Discovery 
Museum in Kenosha, and others think that 
the trend toward multimillion-dollar price 
tags began in 1997, when the Field Museum 
outbid other buyers at an auction for a nearly 
complete 7’ Rex specimen—the dinosaur 
called Sue, now displayed in the museum 
(Science, 19 September 1997, p. 1767). By 
combining forces with corporate donors, the 
museum paid $8,362,500 for the specimen, 
a world record. After this, Carr says, many 
collectors upped prices, convinced that 
museums would find a way 
to raise the money. 

Sue’s sale price became 
a benchmark, agrees 
vertebrate paleontologist 
Peter Makovicky of the 
Field Museum. Although 
“no one has ever hit that 
benchmark again, a lot of 
people dream about it,” 
he says. He calls the trend 
toward higher prices “a 
bit unfortunate,” but says 
the situation isn’t much 
different from the art 
market, for example when 
art sold at exceptionally 


Nebraska 


Fossil riches. Two geological 
formations in the western 
United States (see map, left) 
have produced spectacular fos- 
sils, from rarities like Sue and a 
dawn horse to common speci- 


mens like Knightia. 
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high prices during the 1990s. 

But the financial crisis of 2008 badly 
dented public funding for museums and also 
made it harder to raise private money. Today, 
many American museums are struggling: 
the Carnegie Museum of Natural History 
in Pittsburgh announced in December that 
it is losing as much as $2 million a year, 
and the Smithsonian Institution faced a $65 
million budget cut last year. The San Diego 
Natural History Museum in 


purchase such specimens, “the scientists 
who get it have to scrape on it to see what’s 
plaster and what isn’t,” he says. 


The public-private divide 

Both commercial and research paleontolo- 
gists say they are dissatisfied with the cur- 
rent system. Commercial collectors com- 
plain bitterly about the Paleontological 
Resources Preservation Act, passed in 2009, 


NEWSFOCUS ie 


permit, generally issued only to qualified 
paleontologists. The legislation, passed 
in 1978, has “curtailed the excavation by 
untrained individuals resulting in damage 
and scientific loss of specimens,” says Dan 
Spivak of the Royal Tyrrell Museum in 
Drumheller, Canada. 

But property rights are considered 
sacrosanct in much of the American West, and 
similar legislation would almost certainly not 
pass in the United States. So 


California even planned to 
sell fossils to raise money 
to buy other natural history 
specimens. Although 
museum CEO Michael Hager 
told Science that the museum 
is “in great financial shape,’ it 
put up several lots of fossils, 
including some specimens 
included in published papers, 
for the recent Bonhams 
auction. After SVP protested 
the move and other public 
institutions offered to take 
on the fossils, the museum 
withdrew the lots. 

Finances aren’t the only 
barrier to museums buying at 
commercial auctions. Horner 
argues that many commercial 
collectors leave behind vital 
contextual information, 
such as stratigraphic data 
and sedimentary clues to how animals 
were preserved after death. This makes the 
specimens less scientifically valuable. “There 
is a variety of data that they might collect, 
but every bit they do is overhead, so there is 
no possible way that they are going to get as 
much as we do,” Horner says. 

Professional collectors dismiss these 
criticisms. They say they have far more 
experience collecting specimens, and so do 
a better job, than paleontologists who spend 
most of their time teaching or working in 
museums. And some commercial collectors 
publish scientific papers on their finds. 

Horner notes, however, that commercial 
collectors of dinosaurs tend to invest an 
inordinate amount of time and resources on 
reconstructing specimens—something that 
he and his colleagues at the Museum of the 
Rockies do not do. The Triceratops skeleton 
consigned to Bonhams in November, for 
example, was only about 65% original bone. 
According to the auction catalog, preparators 
used casts of missing bones to complete the 
skeleton. Such restoration may improve 
a specimen’s appearance, but can impede 
research, Horner says. When museums 


Backsplash. Slabs with 50-million-year-old fossil fish decorate kitchens and bedrooms. 


which restricts collection of scientifically 
important fossil specimens on federal land 
to qualified researchers with a permit. Permit 
holders must deposit all collected fossils in 
a museum or other approved repository—no 
sales allowed. According to 1995 National 
Wilderness Institute data, federal lands make 
up 26% of the U.S. land mass, but the fig- 
ure varies widely by state. Nearly 81% of the 
state of Nevada is public land, for example; 
in Texas, it is just 1.4%. 

Triebold, a past president of AAPS, thinks 
Congress should have instituted a system that 
gives commercial collectors permits to operate 
on federal land in exchange for royalties on 
sales. Instead, he writes in an e-mail, “the 
public lands of the U.S. have officially become 
the private sandbox for only those institutional 
collectors who are ‘qualified.’ ” 

In contrast, Carr and other academic 
paleontologists would like to see protection 
taken further, to private land. Many other 
governments have already taken this step. 
In the Canadian province of Alberta, which 
has rich fossil beds, all specimens, whether 
found on public or private land, belong 
to the government. Excavation requires a 


Carr recently suggested in his 
bloga different tactic: to apply 
the “eminent domain” clause 
in the U.S. Constitution to 
important dinosaur fossils. 
This clause permits federal 
and state governments to 
seize land for public use 
such as building a highway, 
provided that landowners 
are compensated. “If the 
federal government could be 
convinced that [scientifically 
important] fossils fall under 
the definition of ‘land,’ ... 
then possibly they could be 
seized and the people who 
collected the specimens 
could be compensated for 
the expense of collection, 
salaries, and whatever 
monetary value you place on 
fossils,” Carr says. 

The idea already has sparked a strong 
backlash from collectors. “Telling a third- 
generation rancher that he doesn’t or shouldn’t 
own the dinosaur that was collected on his 
property or what he should do with it, would 
be a conversation that would almost certainly 
enlighten the scientist on the ways of America 
in a big way,” Triebold says. “You don’t mess 
with private property rights in ranchland.” 

Given the war of words and fraying 
tempers, some paleontologists advocate 
stepping back and working to rebuild the old 
cooperative relationships with commercial 
collectors. Rather than asking the 
government to seize fossils from collectors, 
Forster says, “I would rather see academic 
paleontologists work with commercial 
collectors to parse significant from non- 
significant [fossils], and work to keep them 
in the public domain” by providing advice 
and contacts with potential museum buyers. 
To Forster, finding such a solution is urgent. 
“We are losing vast amounts of information 
about our collective history,’ she says. “It’s 
disappearing for no particularly good reason, 
and it’s not coming back. Gone is gone.” 
—HEATHER PRINGLE 
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Flu Threat Spurs Culture Change 


IN THE NEWS & ANALYSIS STORY “TENSE VIGIL IN CHINA AS NASTY FLU 
virus stirs back to life” (C. Larson, 29 November 2013, p. 1031), 
George Gao, the deputy director-general of the Chinese Center for 
Disease Control and Prevention, is quoted as saying that “You cannot 
change culture,” suggesting that there is no point in trying to change the 
live poultry markets in China. Evidence contradicts this assumption. 

During the first A(HSN1) influ- 
enza outbreak in Hong Kong in 1997, 
prompt government action regarding 
live poultry markets and culling cut the 
epidemic short. After repeated reemer- 
gence of A(H5N1) in the first decade 
of the century, the Hong Kong govern- 
ment first proposed a central slaughter- 
house to remove live poultry from wet 
markets, but trade and NIMBY resi- 
dential opposition deferred that decision indefinitely (/). Our initial 
population surveys indicated that individuals were more willing to 
change their habits of buying if such changes were observed among 
others in the community (2). The population pragmatically realized 
that a change in the practice of poultry retail was needed. 


POLICY FORUM | 


Seeing in 
technicolor 
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The Hong Kong government subsequently initiated a policy of 
reducing live poultry availability through reduced imports and inter- 
nal production, as well as buying back licenses from traders who sell 
live poultry for slaughter, so that today such stalls are a rarity. Instead, 
chilled poultry is widely available, with many former live poultry stalls 
now selling pre-killed and chilled poultry. Population exposure to live 
poultry from markets declined by 60% between 2004 and 2006 and 
by a further 21% between 2006 and 2010, attributable to reduced live 
poultry availability and public health education (3, 4). 

Thus, culture can be changed. We believe that cultural changes 
that promote public health principles of separating the agent, vector, 
and host are China’s only real long-term solution to repeated influ- 
enza emergence. 

QIUYAN LIAO* AND RICHARD FIELDING 


Division of Behavioural Health, School of Public Health, The University of Hong Kong, 
Pokfulam, Hong Kong SAR, China. 
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Regulating Dual-Use 
Research in Europe 


THE EUROPEAN SOCIETY FOR VIROLOGY 
(ESV), which represents scientists active in 
basic, medical, veterinary, plant, and envi- 
ronmental aspects of virology, has been fol- 
lowing with particular interest the debate on 
“gain-of-function” studies catalyzed by the 
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Letters (~300 words) discuss material published in 
Science in the past 3 months or matters of gen- 
eral interest. Letters are not acknowledged upon 


receipt. Whether published in full or in part, Let- 
ters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 


HSN1 influenza virus transmission studies 
from the Dutch group led by Ron Fouchier 
and published by Science in June 2012 (J). 
The Dutch government insisted that Fouchier 
ask for official permission (an export per- 
mit) before publishing his research abroad, 
on the basis of European Council regula- 
tion EC 428/2009, which was issued in 2009 
to prevent the spread of nuclear, chemical, 
and biological weapons. Although Fouchier 
complied before the Science paper was pub- 
lished, Erasmus MC Rotterdam sued the gov- 
ernment over the requirement for an export 
permit, based on the fact that the Annex to 
Council regulation EC 428/2009 contains an 
exclusion clause for basic scientific research 
and information already in the public domain. 
The appeal was recently rejected by a dis- 
trict court, and the case is now being brought 
before Amsterdam’s Court of Appeal. 

The News of the Week story “Virologist 


appeals decision on HSN1 export rules” 
(8 November 2013, p. 676) stated that the 
ESV has “sided with Fouchier.” Roughly 90 
viruses and microorganisms that can cause 
disease in humans, animals, and plants are 
listed in the Annex to Council regulation EC 
428/2009. ESV’s position stems from the 
concern that results from scientific work car- 
ried out in Europe on these organisms would 
require an export permit before they can be 
published in international scientific journals. 

This prospect raises a number of serious 
issues. Under what circumstances should 
this EC regulation be applied to biomedi- 
cal research? Who is going to decide when 
the EC regulation does or does not apply? 
What should be considered “basic scientific 
research,” and who is going to judge this cri- 
terion? (This is not a trivial question, espe- 
cially in the European Union context, where, 
in theory, there might be 28 different inter- 
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pretations of the same regulation.) Does this 
create the potential for discrimination among 
scientists working in different European 
States and between European scientists and 
those in the rest of the world? Does this deci- 
sion apply only when specific results are 
going to be published in journals outside 
Europe, or does it apply universally? 

It may be that controversial questions 
related to this issue were ignored for too long, 
allowing a precedent to be set prematurely. 
We are overdue for discussions on how to reg- 
ulate the dissemination of “sensitive” data in 
a way that does not compromise biosecurity, 
while maintaining the principle that acquiring 
important and meaningful knowledge cannot 
simply be stopped. ESV believes that export 
control does not represent the best way to deal 
with this issue. 

Our intention is not to criticize or to dis- 
regard the work of jurisprudence experts. We 
believe that the European Commission should 
take steps to promote a common understand- 
ing of the current regulation by existing work- 
ing groups or by a new advisory committee 
created to deal with the dual-use research in 
a harmonized and balanced way throughout 


Europe. In the meantime, we have expressed 
our willingness to provide law officers with 
proper scientific advice, making available the 
expertise of our many European scientists. 
GIORGIO PALU 


President of the European Society for Virology, Department 
of Molecular Medicine, University of Padova, 35121, Italy. 
E-mail: giorgio.palu@unipd.it 
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Misleading Results: 
Translational Challenges 


WE AGREE COMPLETELY WITH THE NEWS FOCUS 
story “When mice mislead” (J. Couzin- 
Frankel, 22 November 2013, p. 922). Many 
of the issues identified in this article, such 
as investigator bias, blinding, randomiza- 
tion, and inclusion and exclusion criteria, 
were clearly identified in the Stroke Therapy 
Academic Industry Round Table publica- 
tion in 1999 (7) and discussed further by oth- 
ers (2). Tightening the standards for animal 
experimentation, especially for those experi- 
ments that test drugs for their neuroprotective 


PETTERS 


effects, is critical as we try to translate these 
drugs into human stroke therapy. 

There have been hundreds of drugs tested 
for neuroprotective effects and many, if not 
most, have positive effects, in animal models. 
Ifa mouse or rat had a stroke, we would know 
exactly how to treat it. Unfortunately, none 
of these drugs has shown success in humans. 
It is unlikely that poor methods used in ani- 
mal studies account for all the negative clini- 
cal trials that have been performed based on 
preclinical studies. After all, some investiga- 
tors do perform appropriate experiments, and 
even those studies rarely lead to positive clin- 
ical trials. 

One important issue not mentioned in the 
News Focus piece could also account for the 
lack of positive clinical trials: Most research- 
ers in the stroke field work with normal, 
young, healthy animals. Humans who par- 
ticipate in neuroprotective drug clinical trials 
are most often not normal, young, or healthy. 
They have a variety of comorbid diseases such 
as hypertension, diabetes, obesity, and vascu- 
lar disease, which could alter the way in which 
drugs work in humans. We suggest that in 
future animal experiments, drugs be tested in 
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animals that are aged, with comorbid diseases. 
Such studies may help to identify potentially 
effective drugs in an animal model that mim- 
ics more closely a human with stroke. 
RICHARD J. TRAYSTMAN** AND PACO S. HERSON? 
‘Departments of Pharmacology, Anesthesiology, Emergency 
Medicine, and Neurology, Anschutz Medical Campus, 
University of Colorado Denver, Aurora, CO 80045, USA. 
*Departments of Neuroscience and Anesthesiology, 


Neuronal Injury Program, Anschutz Medical Campus, 
University of Colorado Denver, Aurora, CO 80045, USA. 
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richard.traystman@ucdenver.edu 
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Misleading Results: 
Don't Blame the Mice 


IN THE NEWS FOCUS STORY “WHEN MICE MIS- 
lead” (22 November 2013, p. 922), J. Couzin- 
Frankel raises concerns about practices that 
give rise to misleading scientific findings. 
The case studies cited demonstrate procedural 


errors that can occur in the design or execu- 
tion of experiments. These unfortunate mis- 
takes can happen in any area of research and 
are not the exclusive domain of mice or ani- 
mal models; clinical research is certainly not 
immune to error. Even well-executed studies 
can give rise to misleading results for reasons 
that are insidious and hard to control (/). 
With regard to mice, the first “risk of bias 
question” that a reviewer should ask is, ““Was 
the result replicated in more than one genetic 
background?” Idiosyncrasies of particular 
mouse strains can be misleading (2). Ignoring 
the effect of genetic background is the most 
pervasive source of bias in animal studies. 
To reduce the problem of false or irre- 
producible scientific findings, we need to 
address two root causes. Science today is 
driven by an incentive system that often 
rewards precedence and impact over qual- 
ity of the work. Statistical training of scien- 
tists often emphasizes analytical techniques 
over experimental design and quantitative 
reasoning. These are systemic problems that 
will not change without substantial effort. 
However, the message in this News Focus 
story does suggest some simple advice that 


can redress many of the pitfalls of experi- 
mental studies: Be wise, randomize. 
GARY A. CHURCHILL 


The Jackson Laboratory, Bar Harbor, ME 04609, USA. 
E-mail: garyc@jax.org 
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CORRECTIONS AND CLARIFICATIONS 


Table of Contents: (3 January, p. 3). The artist’s name was 
misspelled in the cover caption credit line. The correct spell- 
ing is Aurore Simonnet. Additionally, the Review Summary 
by M. Dalziel et al. was mislabeled as a Research Article 
Summary, and the URL for the full text was incorrect. The 
correct URL is http://dx.doi.org/10.1126/science.1235681. 
The HTML and PDF versions online are correct. The title of 
the Perspective by Y. E. Tiirkmen and V. K. Aggarwal was 
also incorrect. It should be “A Simpler Route for Making 
Nitrogen-Alkene Rings.” The HTML version is correct online, 
and the PDF version has been corrected. 


Editorial: “No windfall for U.S. science” by M. McNutt (3 
January, p. 6). In the second paragraph, the U.S. Senate 
budget mark is $1,058B, not $1.058B. The HTML and PDF 
versions online have been corrected. 


Essay: “Science & SciLifeLab Prize” (6 December 2013, 
p. 1185). Finalists have been reclassified as Second 
Runners-Up. The HTML and PDF versions online have been 
corrected. 
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CLIMATE CHANGE 


An Economist's Journey 


Mark Jaccard 


Yale University has been recognized 

as a leading climate economist, and 
for much of that time his work has provoked 
the scientist-versus-economist debate in my 
graduate seminar on sustainable energy. 
Lately, however, he has begun to disappoint— 
as demonstrated by The Climate Casino. 

In the scientist-economist debate, the plea 
of scientists is straightforward: Don’t mess 
with Earth’s complicated systems by loading 
the atmosphere with greenhouse gases, nota- 
bly carbon dioxide (CO,) from burning coal, 
oil, and gas. And don’t allow global tempera- 
tures to rise more than 2°C because this will 
significantly increase the likelihood of harm- 
ful surprises, like accelerated global warm- 
ing as melting permafrost releases methane 
(itself a potent greenhouse gas). 

Economists, in contrast, argue that 
because humans also benefit from burning 
fossil fuels, CO, reduction has benefits and 
costs, and both must be weighed in finding 
“the optimal path of carbon pollution”—a 
wonderfully provocative phrase in my semi- 
nar as elsewhere. But this cost-benefit analy- 
sis of economists is tricky: It requires mon- 
etary values for everything we care about, 
not just the goods and services recorded in 
gross domestic product. We need the dollar 
values of the 2000th-to-last polar bear and 
the 200th-to-last (which are not the same), of 
the lost cultural heritage if Venice succumbs 
to rising seas, and of reducing the chances of 
harmful surprises like methane releases. 

Undaunted, the intrepid Nordhaus built a 
model that integrates Earth systems and the 
global economy in calculating the optimal 
path of carbon pollution. In a widely cited 
paper (/), he concluded that we should allow 
rapid CO, increases even though the temper- 
ature would climb more than 3°C by 2100, 
momentum carrying it beyond 4°C in the next 
century. In essence, the economic growth 
benefits from burning fossil fuels outweigh 
the costs from the resulting climate change. 
Although Nordhaus proposed a small, rising 
tax on carbon, his analysis essentially vindi- 
cated business as usual for our fossil fuel— 
addicted economy. 

Needless to say, his work attracted criti- 


H or over two decades, Bill Nordhaus of 
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tal Management, Simon Fraser University, Burnaby, BC V5A 
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cism from scientists and some economists. 
They argued that he undervalued harms to 
the natural world, was overly optimistic that 
economic growth could compensate future 
generations for the vicissitudes of a hotter cli- 
mate, and downplayed the risk 
of catastrophic outcomes. 

Climate Casino’s cost- 
benefit analysis suggests that 
these critiques had some effect; 
Nordhaus’s numbers have 
changed. But the book is much 
more than an update. It pro- 
vides an exceptionally clear 
and balanced primer on climate 
science, economics, and policy. 
It’s a must-read for natural scientists and social 
scientists, climate skeptics and climate hawks, 
Democrats and Republicans. My only disap- 
pointment is that Nordhaus now suggests we 
limit the temperature increase to between 2° 
and 3°C—too close to the cap favored by sci- 
entists to provoke my students. 

In some respects, Nordhaus has not 
changed. He still rejects arguments that 
we should weigh future costs and benefits 
equally with present ones. Like most econ- 
omists, he believes that we should discount 
those future values when comparing to the 
present because economic growth ensures 
that future people will be richer. Decades of 
rising wealth and technological innovation 


The Climate Casino 
Risk, Uncertainty, 
and Economics for 
a Warming World 


by William Nordhaus 

Yale University Press, New 
Haven, CT, 2013. 392 pp. $30, 
£20. ISBN 9780300189773. 
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will enable them to better deal with climate 
change. This is a major reason why his opti- 
mal path includes a somewhat hotter world 
than the 2°C favored by scientists. 

Yet his optimal path is now much closer 
to that of scientists because of his heightened 
concern with 3°C as “the danger zone for 
several important tipping elements.” These 
include accelerating methane release, sud- 
den collapse of ice sheets such as the West 
Antarctic, and large-scale changes in ocean 
currents such as the Gulf Stream. Inclusion of 
these and other risks leads his 
model to exhibit rapidly rising 
damages beyond 3°C. 

Scientists will now be less 
unhappy with Nordhaus, but 
I doubt they’ll be completely 
happy. As a hard-nosed econ- 
omist, he shows that much of 
our economy, including food 
production, is highly man- 
aged and thus able to handle 
modest global warming, perhaps even ben- 
efit from it. Some scientists don’t want to 
hear this. 

In addition, Nordhaus seems to suggest 
that his model undervalues the harms for 
unmanaged ecosystems as global warming 
and ocean acidification intensify. Econo- 
mists have long tried to estimate these values, 
but their methods often involve hypotheti- 
cal questions such as “What would you pay 
to save the polar bears?” Like many econo- 
mists, Nordhaus finds the answers “too unre- 
liable at present to be used for assessing the 
costs of ecosystem effects triggered by rising 
CO, concentrations and climate change.” 

So what does he use instead? This is the 


Wheels of chance. The Greenhouse Gamble™ wheels, developed by the MIT Joint Program on the Science 
and Policy of Global Change, depict the likelihood of an increase in global average surface temperature 
between 1990 and 2100. With no actions taken to curb the global emissions of greenhouse gases, there are 
even odds of that falling above or below 5.2°C. If policy changes limit the century’s cumulative emissions of 
greenhouse gases to 4.2 trillion metric tons, the median predicted warming level is 2.3°C (2). 
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one place in an otherwise transparent book 
where I couldn’t find a clear answer. Nord- 
haus says we need more research and that 
the value should not be zero. But he doesn’t 
explain how he chose his values. I was left 
with the impression that those polar bears 
don’t get a fair hearing. 

And I was surprised that Nordhaus doesn’t 
discuss the approach to valuing the environ- 
ment long used in electric utility regulation. 
In assessing generation options, utility econ- 
omists and planners show a representative 
sample of customers the increases in their 


electricity bills resulting from energy sup- 
ply choices that reduce certain environmen- 
tal harms. If people accept such increases, we 
can calculate a minimum willingness to pay 
for protecting these environmental amenities. 
Extending this “abatement cost” approach to 
climate change is not easy, but scientists and 
many others would certainly prefer doing so 
to knowingly undervaluing the environment. 

As Nordhaus knows, those wealthier 
people in 2050 and 2100 will have different 
preferences. The desire to preserve as much 
as possible of the natural world is a luxury 


good (which increases with income). Thus, 
we might assume that future generations will 
wish we had allowed a slightly slower eco- 
nomic growth (losing a few years of con- 
ventional growth according to Nordhaus) in 
order to preserve at least some of the ecosys- 
tems now threatened by global warming. 
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COMPUTERS AND SOCIETY 


Bordering Fiction 


Albert-Laszlo Barabasi 


hat is absorbing about Dave 

Eggers’s latest novel is not the dys- 

topic world it depicts but the way 
that arose: Everyone at The Circle, a Google- 
Amazon-Facebook-Twitter mash-up, is eager 
to make the world a better place. Engineers 
at heart, they relentlessly innovate to reduce 
crime, to organize and store all information, 
and to leave no one behind. While their moti- 
vations are pure, each of their products is a 
subtle slide toward the 21st century’s ver- 
sion of Orwell’s 7984—not a world in which 
a selected few control many but one where 
everyone monitors everybody. As the com- 
pany helps us become “all-seeing, all know- 
ing,” privacy becomes a crime, and the upbeat 
culture of The Circle morphs into an organi- 
zation whose core values 
are lifted from the play- 
book of the U.S. National 
Security Agency (NSA): 
“Privacy is theft.” “Secrets 
are lies.” 

A few days into her 
dream job at The Circle, 
Mae Holland learns that 
pleasing consumers forms 
only a tiny part of her 
responsibilities. The com- 
pany demands never-ceasing engagement— 
an expectation that she fully immerse herself 
in the wondrous activities the organization 
offers its employees. She must mingle with 
politicians, applaud singers, and praise the 
cooking of celebrity chefs. Most important, 
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she must share all her experiences online. 
Absenteeism is a sign of detachment. Not 
sharing is a crime. 

Early in the novel, a potential love interest 
uses Mae’s profile to demonstrate an appli- 
cation that packages all 
online data about her to 
provide the lowdown for 
a first date. Mae is out- 
raged as she watches her 
food allergies and favor- 
ite dishes paraded on the 
big screen. Seemingly, a 
relationship turned sour 
before it could really 
begin. In reality, an epi- 
sode that defines Mae’s trajectory, allowing 
us to witness her profound 
transformation over the next 
300 pages. Responding to 
the culture of her new work- 
place, Mae gives up a little 
more of her privacy each day. 
Eventually she becomes the 
powerful official poster girl 
of The Circle’s open-book 
philosophy. Her life, with 
minute resolution, is on dis- 
play for everyone to witness. 

Eggers in The Circle rides a wave that has 
been brewing for years now. I have argued 
that given the high predictability of human 
activity (/, 2), services like the novel’s fic- 
titious SeaChange (a vast array of cameras 
that monitors everyone everywhere) make 
not only our present but also our future 
increasingly transparent to the highest bid- 
der (3). Fiction beats nonfiction, however, 
in its ability to portray the individual moti- 
vations—or the lack of them—of the devel- 
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opers that nudge us toward an increasingly 
transparent society. Eggers’s page turner 
works because it requires no implausible 
breakthroughs. Its familiarity gets under our 
skin, as Eggers offers a chilling image not 
of a distant world but rather of one that feels 
eerily everyday. 

To be sure, some of the plot elements bor- 
der on incredibility. The United States would 
never hand over voting and social security 
to a private company like The Circle. Law- 
makers would never agree to 
the lack of privacy The Cir- 
cle’s technologies perpetu- 
ate. These are alarmist twists 
that work only in fiction. But 
are they? For years, I was 
told that U.S. laws forbid 
federal access to my mobile 
phone records. Then Edward 
Snowden revealed that NSA 
did in fact strong-arm that 
data away from the carriers, jolting me into 
abandoning my research on anonymized 
phone records altogether. I also argued that 
the U.S. government lacks the personnel and 
know-how to build the sophisticated tools it 
dreams of using (3). Indeed, some of our best 
students and colleagues flocked to Facebook, 
Google, Twitter, and Amazon; I know of no 
one who chose NSA. Then Snowden revealed 
that NSA simply purchased the know-how 
from the Valley. I have thus stopped believing 
that there is a wall between reality and fairy 
tales. So I read The Circle not as science fic- 
tion but as a case study of a world in which we 
currently live: a stress test that reboots 1984 
for the digital age. 
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INFORMATION ACCESS 


Raw Personal Data: 
Providing Access 


Jeantine E. Lunshof,'?* George M. Church,' Barbara Prainsack? 


eated debates on respon- 
sibilities in biomedical 
research currently focus on 


the end of the data and information 
pipeline: They revolve around issues 
of returning results to participants 
and patients (/—-3, 4). Although 
these debates are timely, they miss 
a crucial point at the beginning of 
the pipeline: the question of whether 
sample donors are able to access the 
raw data derived directly from their 
stored sample. The U.S. Presidential 
Commission recently reviewed 32 
reports from the United States and 
worldwide on returning of findings 
in diverse contexts (4); it is striking 
that access to raw data by partici- 
pants was not addressed in any of them. 

In this Policy Forum, we argue, first, 
that there are compelling ethical reasons 
for enabling donors to access the raw data 
derived from their material deposited in any 
kind of repository; second, that there is a cru- 
cial difference between providing access to 
data and returning findings. 


A One-Way Transaction 

Drawing an analogy between data banks and 
money banks, despite their differences in 
other respects, may be instructive to illustrate 
the crucial point of data access. In everyday 
life, banking is a two-way interaction. When 
we make a monetary deposit to a bank, we get 
a receipt. Furthermore, we are able to access 
our account and see the balance, we can track 
transactions, and we can terminate our rela- 
tionship with the bank and have the remain- 
ing balance returned. As an account holder, 
we can directly access our own data. 

When we make a deposit to a data bank 
or biorepository, in contrast, putting our data 
or specimen into the hands of researchers or 
clinicians, we lose track of it. We do not have 
the status of account holders. We are not even 
able to access the basic descriptors of our own 
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contribution: The raw data, directly from the 
deposited sample before analysis, are—with 
very few exceptions (5)—not made available 
to the depositor. Thus, a deposit to a research 
or clinical repository is a one-way transac- 
tion in which we give up most of our agency 
and control. 


Data are shared and used by a large num- 
ber of researchers; the individual donors are 
those with the least access to the data they 
contributed. This one-way communication 
is a blatant anachronism in the relationship 
between data donors and researchers or cli- 
nicians, and unnecessary when relatively low 
cost, user-friendly Web-based tools to facil- 
itate such access are available. Today, sam- 
ples and data sets are usually identified and 
tracked through bar codes. Handing over that 
bar code to any research participant or patient 
when the sample or the survey is taken can 
enable access if the system is set up for that. 
It is then the individual who decides whether 
to use the access code and look at her or his 
raw data. 


Getting It Right from the Start 

Web-based information and communication 
technologies render direct data access tech- 
nically feasible and economically affordable 
in many cases. But repositories have to be 
designed accordingly right from the start, as 
later adaptation will often be expensive and 
difficult. Data storage formats need to be 
interoperable in order to build a framework 


V/. 


Donors should have access to raw data derived 
from their contributions to research or 

clinical repositories to increase personal 
choice and reciprocity. 


for data sharing, a requirement that 
may be very challenging in a com- 
petitive setting with diverse research 
and commercial interests. Databases 
that provide public open access, as, 
e.g., the Personal Genome Project 
(5), avoid such problems, and for 
them, issues of donor access are 
moot. But also studies for which 
public access is not an option should 
pay urgent attention to the structures 
and conditions necessary to provide 
donors access to their raw data. 

In actual practice, the financial 
and logistic challenges related to 
providing access might result in sig- 
nificant additional costs, costs that 
participants could decide they do 
not want to incur (6). But data access needs 
to be an option, in order to enable a personal 
choice. 


A Fair and Reciprocal Relationship 

Although we use biorepositories as an exam- 
ple to illustrate our argument for reciprocity 
and fairness, the argument is applicable to any 
field where researchers and participants inter- 
act. Participants’ access to raw data could be 
a helpful mechanism to increase transparency 
in any study, be it genomics, other “omics,” 
or social psychology. Data fabrication would 
be much more difficult if study participants 
(or their proxies) had access to their raw data 
(7) and could verify that they were included 
in the study. 

The possibility for research participants to 
access their raw data is a basic requirement for 
a just and reciprocal relationship, establish- 
ing at least a basic symmetry between those 
who donate and those who use data for their 
research (5, 6). Moreover, it enables individu- 
als to act upon their considered judgments—a 
requirement for autonomous agency that was 
stated decades ago in the Belmont report (8). 
Providing access to the data that are derived 
directly from the sample, before analysis and 
interpretation, recognizes the donor’s agency 
in at least three ways: freedom to decide, 
option of independent analysis, and informed 
decision about participation (see the box). 

Besides these, there are many other good 
reasons for openness and reciprocal rela- 
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Freedom to decide: Data donors can decide whether or not to access the raw data sets (e.g., the sequencing 
output data) from clinical and research biobanks. As no analysis has yet been performed, the role and 
responsibility of the biobank is merely to facilitate data access at a technical-procedural level. Usual 
disclaimers concerning data accuracy will apply, as technical errors can never be ruled out entirely. 


Independent analysis: Data donors can, independently of the researchers and clinicians, apply data 
interpretation tools or have analyses performed. High-quality genome data—interpretation tools are 
available in the public domain, as well as commercial service providers. In particular, after analyses have 
been carried out and when filtered or selected findings are being disclosed, individuals may want to use the 
original raw data set for more integrated and comprehensive information or an independent opinion. 


Informed decision about participation: The outcomes of an independent, participant-initiated analysis of the 
raw data can lead to better decisions about (continued) participation in a study or the pursuance of a 
diagnostic process. Later, the option of tracking who the data set has been shared with, and in what context, 
should be available. This, too, can contribute to a more informed decision about continued participation. 


tionships between researchers and study 
participants (5, 6). Yet, on the basis of these 
three arguments alone, it is clear that pro- 
viding access to their raw data is essential 
to taking individuals seriously as partners in 
research not merely as sources of samples 
and data. Giving individuals access to raw 
data is less complex than reporting research 
findings or returning the results of clinical 
investigations—issues that we do not claim 
to solve here. 


A Crucial Distinction: Data Versus Findings 
For a clearer perspective, we elaborate on 
the crucial distinction between access to data 
and returning of findings. The process of pro- 
viding donors with access to their raw data 
(i.e., before any interpretation has been per- 
formed) is, in principle, straightforward. At 
the stage of returning findings, however, there 
are additional layers of complexity: At that 
point, people other than the data donors have 
(i) made the decision on how and which data 
are analyzed, (ii) on the relevance of findings, 
and (iii) whether they are actionable or not. In 
addition, at the data-processing stage, there 
are relevant differences between research and 
the clinic. These features have significant eth- 
ical and legal implications for the returning 
of results. 

In research, notwithstanding the strict 
demand for data-sharing and transparency, 
researchers need to be able to protect data they 
are working on while discovery is in progress. 
This may temporarily override the interest of 
others in information-sharing and openness. 
Yet, these concerns do not apply to individual 
participants accessing their raw data. 

In the clinical setting, there are further 
degrees of complexity, as the professional 
role, responsibility, and liability of clinicians 
and other actors must be accounted for. In 


returning results of diagnostic procedures 
to patients, a health care provider assumes 
a specific professional responsibility that is 
clearly defined by the professional associa- 
tions and is subject to legal regulations con- 
cerning the practice of medicine. There are 
concerns regarding the risks of individuals 
accessing data that they may misunderstand 
and impulsively act upon (9). However, long- 
term follow-up of direct-to-consumer genetic 
testing has not shown any evidence of such 
effects, and calls have been made to widen 
the notion of utility in this context to include 
personal or social utility (/0, //). Impulsive 
actions as a consequence of access to raw 
data are even less likely, because several 
intermediate steps are needed before sub- 
stantial action is possible. 

Another important question regarding 
current practice is whether anticipated dif- 
ficulties in returning data justify the inten- 
tional limitation of knowledge generation 
and repeated cycles of information-filter- 
ing (3). Reduction of potential knowledge 
gain by avoiding or eliminating disturbing 
data points that may yield “unsolicited” (3) 
or “incidental” findings (/) is scientifically 
and clinically unsound and inhibits progress 
in the understanding of human biology and 
the complexity of disease states. Filtering out 
genetic variants that are assumed to have lim- 
ited or no clinical utility, as recommended by 
the European Society of Human Genetics (3), 
systematically precludes the possible discov- 
ery of complex genetic causation. 

Besides this, in the clinical setting, the 
lack of access to raw data directly derived 
from the donor’s specimen is a relic of 
long-outdated strong paternalism in a 
practice of medicine where doctors were 
assumed to be omniscient. Giving a clear 
and focused answer to a specific question 


from a patient—while at the same time com- 
municating the uncertainty and incomplete 
knowledge inherent in medicine—is key in 
clinical practice. But dealing with the inevi- 
table limits of knowledge in a constructive 
manner is fundamentally different from 
setting limits to data generation in the pre- 
sumed “best interest” of the patient or as a 
way to mask uncertainty and limit the doc- 
tor’s liability. The very terms used in dis- 
cussions about when and how to best return 
findings to participants illustrate where the 
core agency lies: It lies with those who return 
and not with those who receive. Shifting the 
focus of the debate to access increases the 
scope of agency of research participants. 
The outcomes of that have shown to be with- 
out harm so far (5, 6, 10, 1). 

Access to raw data is independent from 
the prospective delivery of interpreted infor- 
mation at a later point in time. Even the most 
thoughtful delivery of comprehensive infor- 
mation does not render obsolete a prior right 
(12) to access the raw data set. 
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MOLECULAR BIOLOGY 


mRNA, Live and Unmasked 


Giiney Akbalik and Erin M. Schuman 


he localization of messenger RNA 
| (mRNA) within a cell provides 
the opportunity for proteins to be 
expressed in specific subcellular compart- 
ments. This allows regions of the cell to be 
functionalized or modified in response to 
environmental cues. In neurons, long-term 
memory formation and synaptic plasticity 
require local protein synthesis at or near syn- 
apses (/). Granules comprising mRNAs and 
RNA binding proteins are transported within 
a cell, and their formation is regulated by 
signaling pathways (2, 3). On pages 422 and 
419 in this issue, respectively, Park et al. (4) 
and Buxbaum et al. (5) visualize and char- 
acterize the dynamics of an endogenous 
mRNA. In neurons, mRNA encoding B-actin 
became transiently available for local transla- 
tion after being released or unmasked from a 
latent complex. This first glimpse of endoge- 
nous mRNA behavior raises interesting ques- 
tions about how RNA dynamics are coupled 
to translation. 

In neuronal processes and the subcompart- 
ments of other cell types, mRNAs have been 
detected witha variety of techniques including 
biochemical analysis, in situ hybridization, 
and RNA sequencing (6). These approaches, 
however, do not provide direct information on 
the dynamic behavior of mRNAs. To observe 
mRNAs live, one must associate a fluores- 
cent molecule (either a dye or a protein) to 
the mRNA of interest. For example, fluores- 
cently labeled mRNAs that are injected into 
cells can be analyzed for their movement, 
including the speed of RNA granules as well 
as the molecular motors and the cytoskeletal 
elements they use to travel (7). Delivery of 
molecular beacons into cells is another pos- 
sibility. This technique uses a small hairpin 
RNA probe labeled at its ends with a fluo- 
rescent dye and a quencher, yielding a signal 
only when the probe is bound to the mRNA of 
interest. However, this approach is not com- 
monly used for live imaging because the sig- 
nal is too low. Another approach is the expres- 
sion of reporter proteins that are tagged with 
green fluorescent protein (GFP). Such fusion 
proteins can bind to RNA motifs located in 
the untranslated region (UTR) of an mRNA 
of interest (8). This method has the sensitiv- 
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Visualization of mRNA dynamics in live 
neurons reveals its release from granules 
at synapses during neuronal plasticity. 


Local 
translation 


masked B-actin mRNA 


Transient release. Synaptic activity in dendritic spines triggers the release of B-actin mRNA from granules 
and the localized synthesis of actin, enabling cytoskeletal remodeling during plasticity. 


ity required to track single mRNA molecules. 
All of these techniques require the delivery 
of exogenous probes or reporters into cells, 
which tax cellular metabolism and often lead 
to cell toxicity and death (9). 

To circumvent some of these problems, 
Park et al. genetically engineered a mouse in 
which the 3’UTR of endogenous mRNA that 
encodes the cytoskeletal protein B-actin was 
designed to contain 24 stem-loop structures. 
This mouse was crossed with a transgenic 
mouse expressing multiple copies of a GFP 
fusion protein that binds to the stem loops. 
The resulting progeny expressed B-actin 
mRNA molecules that were fluorescently 
labeled. This enabled Park et a/. to monitor 
the movement of endogenous B-actin mRNA 
in living cells. 

It is a relief to see that many of the mea- 
surements previously made for B-actin mRNA 
dynamics appear to be reasonable. The mean 
transport rate in fibroblasts was 1.3 pum/s, con- 
sistent with other findings (/0). On the other 
hand, although the labeled endogenous B-actin 
mRNAs exhibited the same types of move- 
ments (stationary, diffusive, corralled, and 
directed), their relative proportions were dif- 
ferent from earlier observations (/0). Park et 
al. noted a reduction in the number of actively 
transported mRNAs in fibroblasts (22% ver- 
sus 1%). This may result from differences in 


the reporters or cell types used. Discrepancy 
in the ratio of motion patterns was also seen 
between the fibroblasts and neurons. 

What is the molecular composition of 
an RNA granule, and how is granule com- 
position altered by neuronal activity? Some 
studies have shown that multiple exogenous 
mRNAs may assemble into a single granule 
(11). Other studies indicate that only a single 
mRNA is present in a granule (/2). In neu- 
rons, Park et al. observed granules contain- 
ing multiple B-actin mRNA copies in the 
soma and proximal dendrites, but a gradual 
decrease to a single copy in distant dendrites. 
By contrast, fibroblasts contained granules 
with a single copy of mRNA. In neurons, 
RNA granules exhibited two events dur- 
ing their movement: merge (joining into one 
granule) and split (separation from a parent 
granule). Membrane depolarization (which 
causes neuron activity) increased the ratio 
of split to merge events, consistent with the 
observed increase in granules containing 
single B-actin mRNA as well as the overall 
increase in granules. 

Buxbaum ef al. examined whether 
the above split-merge dynamics of RNA 
granules occurs during synaptic plasticity 
to liberate mRNAs for localized expression. 
High-resolution imaging of mRNA particles 
was combined with imaging of ribosomes 


www.sciencemag.org SCIENCE VOL 343 24 JANUARY 2014 


Published by AAAS 


375 


PeRore IVES 


376 


and ribosomal RNA (rRNA) before and after 
a chemical induction of neuron plasticity. 
The authors observed a transient increase in 
mRNA and rRNA in dendrites upon neuron 
activation. This increase was mimicked by 
treatment with a protease and was not pre- 
vented by a transcription blocker, which sug- 
gests that the increase resulted from unmask- 
ing of RNA from RNA binding proteins, or 
disassembly of granules upon neuron activa- 
tion, not from mRNA that was newly tran- 
scribed in the soma and then transported 
to dendrites. The unmasking event corre- 
lated with an increase in local B-actin syn- 
thesis; this suggests that the mRNA is in a 
latent protected state in the granule, which 
becomes unmasked for translation when the 
neuron undergoes plasticity. Such a mecha- 
nism may localize the expression of B-actin 
in dendrites and axons to promote cytoskel- 
etal remodeling during synaptic plasticity or 
axon navigation. 


To what extent do the properties described 
by Park ef a/. and Buxbaum ef al. apply to 
all localized mRNAs? There has been much 
discussion as to how many mRNAs are actu- 
ally packaged in granules (/2). Park et al. and 
Buxbaum e¢ al. make it clear that the number 
of mRNAs can also change over time and in 
space. What function do the other constitu- 
ents of the mRNA-protein complex serve if 
the mRNA leaves the particle? Is the granule 
just a storehouse equipped for translational 
repression, or does it have other functions? 
The two studies suggest that there must be 
elements sensitive to signaling that allow the 
release of an mRNA from the granule. It was 
recently shown that mRNAs are repressed at 
the elongation step of translation in the gran- 
ule, waiting to be reactivated for translation, 
contrary to the current assumption that they 
are repressed at the initiation step (/3). Future 
studies should elucidate the number of times 
a single mRNA molecule can be translated. 


Labeling techniques may also exert an influ- 
ence on the speed, dynamics, and packing in 
an RNA granule. Anticipated improvements 
in labeling techniques, with brighter and 
smaller dyes, may refine our views. 
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Hiding in Plain View—An Ancient 
Dog in the Modern World 


Heidi G. Parker and Elaine A. Ostrander 


long-ago ancestor of the modern 

domestic dog is alive today in the 

form of the canine transmissible 
venereal tumor (CTVT). This tumor was 
first identified in the late 1800s when it was 
found to be transferred to new hosts through 
tumor cells (7). We now know that the tumor 
is naturally transmitted between dogs by 
direct contact, primarily through coitus or 
activities that permit sloughing of cells (2). 
The tumors are rarely metastatic and most 
tumors regress within a few months, leav- 
ing previously infected dogs with immunity. 
DNA analysis provides strong evidence that 
all CTVTs studied thus far are from a single 
source, one that existed before the disper- 
sal of dog breeds around the world (3, 4). 
On page 437 of this issue, Murchison et 
al. (5) describe the first whole-genome 
sequence of CTVT, sampled from two 
tumors: one from a random-bred Australian 
Aboriginal camp dog and the other from 
a purebred American cocker spaniel 
from Brazil. 
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Sequence analysis of the two tumors 
revealed ~1.7 million somatic variants 
shared between them. These variants are 
presumed to have arisen during the initial 
malignant transformation or in the years 
of tumor passage before separation of the 
tumors by geographic boundaries. The num- 
ber of somatic mutations is >100 times 
as large as the average mutation load of a 
human tumor, highlighting the long period 
over which mutations have accumulated and 
the number of alterations required to develop 
a stable colony of tumor cells. Mutations 
were scattered throughout the genome with 
more than 10,000 genes carrying at least 
one predicted protein-modifying genetic 
change. This list encompasses nearly half 
of the annotated genes from the dog refer- 
ence sequence (6) and illuminates a cadre 
of genes and proteins necessary for cellular 
replication, maintenance of the tumor phe- 
notype, and pathogenicity. 

An examination of 23,782 single-nucle- 
otide polymorphisms in both CTVTs and 
1106 modern dogs and other canids places 
the origin of the tumor at ~11,000 years 
before present, with a second divergence of 
geographical tumor strains occurring <500 


The sequence of a transmissible cancer 
provides a snapshot of a dog from the 
distant past. 


years ago. Principal component analysis 
suggests that the first dog with CTVT was 
a member of the ancient dog group, the dog 
breeds closest to the wolf (7). Pairwise dis- 
tance calculations place the Alaskan Mala- 
mute, a 4000-year-old breed that originally 
came to America from Eastern Asia, as the 
closest living relative of CTVT. In addi- 
tion, the founder animal carried a mixture of 
“wolflike and doglike” alleles and was likely 
medium to large in size with short, straight 
fur, a black or agouti coat, prick ears, and 
a meso- to dolicocephalic head shape (see 
the figure). Dog fanciers will note that this 
description fits the modern Alaskan Mala- 
mute, but could also match that of any num- 
ber of large spitz-type dogs. 

Naturally occurring transmissible tumors 
are extremely rare. The only other known 
example is the Tasmanian devil facial tumor 
disease (DFTD), which was first identified in 
1996 and has spread rapidly throughout the 
devil population. Unlike the canine tumor, 
DFTD is highly virulent, metastasizes read- 
ily, and is ultimately fatal (8). Sequencing of 
DFTD revealed a three- to eightfold increase 
in somatic mutations compared to human 
tumors as opposed to the >100-fold increase 
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History of a transmissible tumor. Genomic analysis places the founder dog of 
CIVT within the ancient dog group. Dogs genetically most similar to the tumor 
(top to bottom): Siberian husky; Alaskan Malamute; depiction of the CTVT founder; 


in the canine tumor (9). This likely relates 
to the age of the tumor as DFTD has been 
acquiring mutations for ~20 years, whereas 
CTVT has been evolving for >10,000 years. 
In contrast to CT VT, DFTD is driving its 
population toward extinction, which will lead 
eventually to its own demise (8). It is possi- 
ble that the canine tumor also started as an 
aggressive cancer, but that it evolved into a 
colonizing pathogen. A close comparison of 
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the mutations found in each tumor type might 
reveal variants important for understanding 
the unique behaviors of the two tumors. 

One feature shared by both tumors is their 
appearance in populations of low diversity. 
The Tasmanian devil is a small island spe- 
cies with little genetic heterogeneity (/0). 
Analysis of the major histocompatibility 
loci in CTVTs reveals that the source indi- 
vidual was inbred and largely homozygous 
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Shar-pei; dingo; Chow chow; and Akita. The neighbor-joining tree shows the 
placement of CTVT within a segment of the ancient dog group (expanded) with 
80 modern dog breeds and wolves. The tree is modified from vonHoldt et al. (7). 


at the most variable dog leukocyte antigen 
haplotypes (3). The restricted gene pools in 
both founding populations may have aided 
the initial establishment of a clonally trans- 
missible tumor. In the case of the dog, how- 
ever, the population did not stay isolated, 
and the introduction of new major histo- 
compatibility complex alleles may have 
kept tumor growth at bay. By comparison, 
Tasmanian devils are a small, closed popu- 
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lation, and there is therefore little hope of 
acquiring new resistance alleles. 

For generations, the modern dog has 
served as little more than a culture medium 
for CTVT. The genome sequence of this liv- 
ing fossil will, together with the discovery of 
new mutations that control the phenotypes of 
modern dogs, provide deeper insight into the 
appearance and perhaps even the behavior 
of the ancient dog. In addition, the sequence 
analysis will reveal information about the 
evolutionary history of the tumor. For exam- 


ple, CTVT has evolved methods of fooling 
the host’s immune system, allowing it to 
establish a colony long enough for transfer 
between individuals to occur. Elucidation of 
these mechanisms based on the accumula- 
tion and position of mutations may help us 
understand the means by which pathogens 
escape host surveillance. This domestic dog 
tumor provides us with a unique system for 
answering some intriguing questions, mak- 
ing one wonder what else is hiding in the 
doghouse. 
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BIOCHEMISTRY 


Making the H-Cluster from Scratch 


Christopher J. Pickett 


any microorganisms use dihy- 
drogen (H,) as an energy vector 
between and within cells. This 


process is underpinned by FeFe and NiFe 
hydrogenases (/), which reversibly combine 
protons with electrons to give H, at very 
high rates. An understanding of the chemi- 
cal mechanism by which they operate may 
lead to new technology for biological or bio- 
inspired catalysis (2, 3). Some 15 years ago, 
crystallographic and spectroscopic studies 
revealed the essential features of the active 
site of FeFe hydrogenase, the H-cluster (4). 
In the H-cluster, a dithiolate-bridged diiron 
subsite with cyanide and carbon monoxide 
ligands is linked through a cysteinyl bridge 
to a 4Fe4S cubane cluster (see the figure). 
On page 424 of this issue, Kuchenreuther et 
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Assembly line. The active site of FeFe hydrogenase, the 
H-cluster, is assembled with the help of accessory protein 
HydG. Kuchenreuther et al. provide evidence into the 
initial steps in this synthesis. Other accessory proteins 
are also believed to play a role, but a synthetic diiron 
subsite can be captured from solution to create an active 


hydrogenase without help from accessory proteins. 


HydG 


al. (5) provide insights into the biosynthesis 
of this unusual structure. 

Extensive microbial, biochemical, chem- 
ical, and theoretical research is beginning 
to elucidate how FeFe hydrogenase works 
(/-4, 6), but it remains unclear how the 
H-cluster is assembled within the cell (7). 
In elegant Fourier-transform infrared and 
electron-nuclear double resonance spec- 
troscopic work involving isotopic labeling, 
Kuchenreuther et al. show that the iron, car- 
bon monoxide, and cyanide components of 
the subsite in active hydrogenase (HydA1) 
all originate from chemistry that occurs at 
a 4Fe4S cubane center of the accessory pro- 
tein HydG. Transfer of these subsite com- 
ponents—with or without the aid of two 
other accessory proteins, HydE and HydF— 
transforms apo-HydA1 (which contains the 
cluster component of the H-cluster but not 
the subsite) to the functional hydrogenase 
HydAl. 
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Spectroscopic data begin to elucidate the 
initial steps in the biosynthesis of the 
hydrogenase active site. 


HydG is a radical SAM (S-adeno- 
syl methionine) enzyme that contains two 
4Fe4S clusters. Formation of a 5’-deoxoad- 
enosyl radical at one of the clusters leads to 
H-atom abstraction from tyrosine bound to 
the other cluster. The resulting dehydrogly- 
cine is cleaved to give the Fe(CO)(CN) unit 
of complex A. This unit is then converted to 
the Fe(CO),(CN) synthon of complex B. The 
latter is ultimately transferred to apo-HydA1 
(see the figure). Kuchenreuther et al. suggest 
that the Fe(CO)(CN) and Fe(CO),(CN) moi- 
eties of complexes A and B are an integral part 
of the modified 4Fe4S framework of HydG as 
Fe,S,Fe(CO), ,..(CN) clusters. This type of 
structure is unprecedented. However, chemi- 
cal synthetic results (8) and observations on 
nitrogenase (9) lend support to the proposed 
structures. 

The work of Kuchenreuther et al. extends 
the portfolio of organometallic radical SAM 
chemistry and opens up many exciting new 
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questions. The formation of complex A 
requires one tyrosine in the first cycle of the 
enzyme. But once complex A is formed, the 
iron site at which this chemistry takes place is 
at least partially blocked by CO and CN and is 
electronically very different from that in the 
resting state of HydG. It remains to be shown 
how tyrosine is subsequently converted to CO 
to form complex B (together with a surplus 
CN ) in the second cycle of HydG, and how 
the Fe(CO),(CN) synthon is transferred and 
coupled to give the dithiolate-bridged subsite 
in the H-cluster. 

By beginning to explain the early stages 
of H-cluster biosynthesis, the elegant spec- 
troscopic study by Kuchenreuther ef al. 
extends our knowledge of how the metallo- 


sulfur active sites of a range of enzymes are 
assembled from simpler building blocks. The 
accessory proteins HydE, HydF, and HydG 
are all involved in the in vivo assembly of 
the active H-cluster on HydA (7) and must 
play a role in some or all of these steps. How- 
ever, Kuchenreuther et al. have previously 
shown in vitro that HydG without HydE or 
HydF can activate an apo-hydrogenase in the 
presence of reductant and lysate (/0). Given 
that in the native pathway, all the iron in the 
subsite moiety originates from HydG (5), it 
is plausible that a diiron subsite forms from 
two (or possibly one) HydG synthons, with 
subsequent release into solution and capture 
by apo-HydA1. Support for this idea comes 
from a study showing that a synthetic diiron 
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subsite (see the figure) (//) can be captured 
from solution by apo-HydA1 to give an active 
FeFe hydrogenase without participation of 
HydE or HydF (72). 
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Climate Effects of Aerosol-Cloud 


Interactions 


Daniel Rosenfeld'*, Steven Sherwood?, Robert Wood?, Leo Donner’ 


erosols counteract part of the warm- 

ing effects of greenhouse gases, 

mostly by increasing the amount of 
sunlight reflected back to space. However, the 
ways in which aerosols affect climate through 
their interaction with clouds are complex and 
incompletely captured by climate models. As 
a result, the radiative forcing (that is, the per- 
turbation to Earth’s energy budget) caused by 
human activities is highly uncertain, mak- 
ing it difficult to predict the extent of global 
warming (/, 2). Recent advances have led to a 
more detailed understanding of aerosol-cloud 
interactions and their effects on climate, but 
further progress is hampered by limited obser- 
vational capabilities and coarse-resolution 
climate models. 

Recent advances have revealed a much 
more complicated picture of aerosol-cloud 
interactions (see the figure) than consid- 
ered previously. For example, radiative forc- 
ing due to aerosol-cloud interactions may be 
limited by buffering mechanisms that result 
in compensation between different cloud 
responses to aerosols (3). Other situations 
may be hypersensitive to aerosols because 
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aerosols have become extremely depleted 
by precipitation (4). In these ultraclean 
regimes, addition of aerosols can dramati- 
cally increase cloud cover, causing a large 
cooling (5). Another newly appreciated pro- 
cess is aerosol-induced invigoration of deep 
convective clouds that may trans- 
port larger quantities of smaller 
ice particles to the anvils of such 
clouds. The higher, colder, and 
more expansive anvils can lead to 
warming by emitting less thermal 
radiation to space (6). 

The Intergovernmental Panel 
on Climate Change’s fifth assess- 
ment report (2) begins to account 


mediated effects. Most studies 
address a subset of known or sus- 
pected mechanisms, and they gen- 
erally cannot separate individual 
contributions. Yet, this represents advance- 
ment with respect to the fourth assessment 
report (7), which accounted for only one spe- 
cific effect: the aerosol-induced reduction of 
cloud drop size and the resultant increasing 
cloud solar reflectance. It is now clear that the 
reduced cloud drop size triggers other pro- 
cesses that may induce larger radiative per- 
turbations than the droplet-size effect through 
mechanisms such as those depicted in the fig- 
ure (8). The inability to fully quantify these 
effects increases the uncertainty in the radia- 
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Advances in satellite observations and model 
development are needed to disentangle the 
complex interactions of aerosols and clouds 
and their effects on climate. 


tive forcing of aerosols and clouds. Further- 
more, little is known about the unperturbed 
aerosol level that existed in the preindustrial 
era. This reference level is very important for 
estimating the radiative forcing from aero- 
sols (9). Quantification of the reference level 
requires better quantitative under- 
standing of the natural and anthro- 
pogenic emission sources and 
their interactions. 

At fine scales (tens of meters 
or less), the processes by which 
aerosols alter the formation and 
growth of cloud drops and by 
which drops coalesce into rain are 
comparatively well understood, as 
are the ways in which turbulence 
affects these processes. Less clear 
is the response of the cloud cover 
and organization to the loss of 
water by rainfall. Understand- 
ing of the formation of ice and its interac- 
tions with liquid droplets is even more lim- 
ited, mainly due to poor ability to measure 
the ice-nucleating activity of aerosols and 
the subsequent ice-forming processes in 
clouds. Explicit computer simulations of 
these processes even at the scale of a whole 
cloud or multicloud system, let alone that of 
the planet, require hundreds of hours on the 
most powerful computers available. Mod- 
elers must therefore resort to simple para- 
metric representations of these processes 
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How aerosols affect the radiative properties of clouds. By nucleating a larger 
number of smaller cloud drops, aerosols affect cloud radiative forcing in various 
ways. (A) Buffering in nonprecipitating clouds. The smaller drops evaporate faster 
and cause more mixing of ambient air into the cloud top, which further enhances 
evaporation. (B) Strong cooling. Pristine cloud cover breaks up by losing water to 
rain that further cleanses the air in a positive feedback loop. Aerosols suppress- 


More thin cirrus warms by emitting less heat to 
space and cools by reflecting more solar radiation 
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ing precipitation prevent the breakup. (C) Larger and longer-lasting cirrus clouds. 
By delaying precipitation, aerosols can invigorate deep convective clouds and 
cause colder cloud tops that emit less thermal radiation. The smaller ice particles 
induced by the pollution aerosols precipitate more slowly from the anvils. This can 
cause larger and longer-lasting cirrus clouds, with opposite effects in the thermal 
and solar radiation. The net effect depends on the relative magnitudes. 


in weather and climate models. Represent- 
ing aerosol effects on clouds is particularly 
challenging, because small-scale correlated 
variations between aerosol and cloud prop- 
erties have large-scale consequences, such 
as changes in cloud organization. 

Fully resolved, global, multiyear simu- 
lations are not likely to become feasible for 
many decades. However, an exciting step 
was made in recent groundbreaking simula- 
tions (/0), in which small domains capable of 
resolving cloud-scale processes, including 
simplified schemes of cloud aerosol inter- 
actions, were embedded in each grid cell of 
a climate model. This approach offers the 
potential for model runs that resolve clouds 
ona global scale for time scales up to several 
years, but climate simulations on a scale of a 
century are still not feasible. The embedded 
model is also too coarse to resolve many of 
the fundamental aerosol cloud processes at 
the scales on which they occur. 

Improved observational tests are essential 
for validating the results of simulations and 
ensuring that modeling developments are on 
the right track. Current satellites can mea- 
sure cloud and precipitation properties but 
not the vertical winds that create the clouds, 
nor the specific aerosols on which the cloud 
drops and ice crystals nucleate. Therefore, 
it is difficult to disentangle the aerosol and 


meteorological effects on cloud properties. 
A major challenge is that the most important 
aerosol nucleation region is at the bottom of 
a cloud, which is obscured by the rest of the 
cloud if measured from above. 

The Cloud-Aerosol Lidar and Infra- 
red Pathfinder Satellite Observation 
(CALIPSO) (//) and EarthCare satellite 
missions aim to address some of these chal- 
lenges. EarthCare (estimated to launch in 
2015) will measure vertical profiles of aero- 
sol types and amounts with a 355-nm lidar. 
EarthCare’s Doppler cloud radar can deter- 
mine cloud vertical motions. However, the 
radar and lidar in both missions cover only 
the line of subsatellite track, limiting their 
coverage. Further satellite missions that 
overcome the measurement challenges are 
being considered (/2). 

Progress on understanding aerosol-cloud 
interactions and their effects on climate is 
limited by inadequate observational tools 
and models (/3). Yet, achieving the required 
improvement in observations and simula- 
tions is within our technological reach. For 
example, available technology could pro- 
vide multispectral and multiangle polari- 
metric measurements of cloud properties 
at a resolution of 100 m (72). The level of 
effort should match the socioeconomic 
importance of what the results could pro- 


vide: lower uncertainty in anthropogenic cli- 
mate forcing and better understanding and 
predictions of future impacts of aerosols on 
our weather and climate. 
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PHYSIOLOGY 


Extraordinary Color Vision 


Michael F. Land and Daniel Osorio 


ow do animals see color? We may 
H never know how another animal 

experiences red or blue, but we 
do know that sensitivity to ultraviolet light 
allows bees to see patterns on flowers where 
we see plain yellow or white. In fact, bee and 
human color vision are much alike. Both have 
three spectral types of photoreceptor whose 
signals are compared by neural “opponent” 
mechanisms, which are sensitive to the rela- 
tive amounts of light at different wavelengths, 
allowing the animal to distinguish the spec- 
trum of a light source from its brightness. 
Thomas Young (/) recognized in 1802 that 
having multiple receptors each with a dif- 
ferent spectral sensitivity at each point in the 
image is essential for color vision, but inevi- 
tably impairs spatial resolution. He proposed 
three spectral receptors as the likely compro- 
mise. In fact, theory predicts that two to four 
receptor types are optimal for discriminating 
the spectra of natural materials and maximiz- 
ing the number of objects that could be distin- 
guished by color (2). The eyes of many ani- 
mals seem to follow these principles, with a 
retina containing two to four spectral recep- 
tors combined with a neural mechanism to 
compare the responses of different recep- 
tor types (the color opponent process). It is 
therefore fascinating to find an animal that 
sees color in a fundamentally different way, 
as reported by Thoen ef al. on page 411 of 
this issue (3). 

Stomatopods are an ancient group of 
crustaceans that mainly live in tropical coral 
reefs. They are known as mantis shrimps 
because of a pair of claws that, like those of 
a praying mantis, unfold with great speed to 
capture prey (4). This behavior is directed 
by a pair of eyes that are unique in the ani- 
mal kingdom. For the most part these eyes 
are of an apposition construction, common 
to most diurnal crustaceans and insects, 
where each facet-lens contributes to a single 
point (or pixel) in the visual image. However, 
running through the center of each eye is a 
“midband” of six ommatidial rows—which 
in most reef-living stomatopods contain four 
rows that make up a color vision system with 
12 visual pigments—as well as two rows that 
analyze both linearly and circularly polarized 


School of Life Sciences, University of Sussex, Brighton BN1 
9QG, UK. E-mail: d.osorio@sussex.ac.uk 


www.sciencemag.org SCIENCE VOL 343 24 JANUARY 2014 


An + AN AN 


R8 
MB R2,3,6,7 GQ R1-7 


— 
()R1,4,5 [Cornea Nuclei 


___| Pigment 


A new way of seeing in color. The mantis shrimp 
Odontodactylus scyllarus and a diagram of a section 
through six rows of the compound eye midband. The 
colors indicate the approximate spectral sensitivities of 
the photoreceptors (3, 5). DH, dorsal hemisphere; VH, 
ventral hemisphere. 


light (see the figure) (5, 6). The ommatidia 
that deal with color have a three-tier struc- 
ture: The top tier contains an ultraviolet-sen- 
sitive pigment, and below this are two fur- 
ther tiers containing different pigments sen- 
sitive to wavelengths in (our) visible spec- 
trum (see the figure). The two central rows 
have, in addition, two sets of color filters 
that sharpen the spectral sensitivities of the 
underlying receptor pigments. This gives the 
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The compound eyes of mantis shrimps see color 
in a fundamentally different way from other 
animals. 


mantis shrimps a color vision system with 
12 spectral channels. The upper and lower 
halves of each eye also have overlapping 
visual fields, so that each eye can act as a 
stereoscopic rangefinder, at least for close 
distances (7). 

The field of view of the midband is 180° 
long but only about 5° wide; it provides a 
system that can analyze the light spectrum 
reaching it in detail, but only along one line 
in space. Thus, whereas most eyes encode 
color and form in the same part of the retina, 
for the mantis shrimp to determine the color 
or polarization of an object its eye muscles 
must scan the band across the scene. Indeed, 
stomatopods have small, slow scanning 
movements that allow the midband to scruti- 
nize a particular area (S). 

Stomatopods live in a colorful world 
and probably use their colorful append- 
ages as recognition badges (9). The uropods 
at the rear also have interesting polarizing 
properties. Thus, the extraordinary sensory 
machinery of the eye midband may be use- 
ful for species, and even individual, recogni- 
tion, as well as more generally in detecting 
and recognizing prey and other objects. 

Thoen et a/. examined color vision in the 
stomatopod Haptosquilla trispinosa. When 
Haptosquilla is trained to associate a spec- 
tral light with a food reward, it can discrim- 
inate wavelength differences of about 25 
nm, which corresponds roughly to the dif- 
ference between what we see as pure yel- 
low and orange. By comparison, humans can 
discriminate wavelength differences of 1 to 
4 nm across the spectrum, with two distinct 
minima (/0). This spectral sensitivity can be 
attributed to the tuning of the red, green, and 
blue receptors followed by color-opponent 
mechanisms for comparing their outputs 
(11). Thus, despite having 12 narrowly tuned 
spectral receptors, Haptosquilla’s wave- 
length discrimination is poor, and Thoen et 
al. find no evidence for opponent interactions 
in the wavelength discrimination function. To 
account for these findings, they suggest that 
mantis shrimps’ remarkable eye avoids the 
need for complex neural processing, instead 
identifying objects by using the signals from 
single midband receptor types as they are 
scanned over a scene. 

It is appealing to suggest that sense 
organs should save on neural processing, 
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which may be metabolically costly or evo- 
lutionarily complex. Even so, it is not clear 
how the signals in the 12 midband spectra 
receptors are read out by the brain. Natu- 
ral spectra are not monochromatic and the 
animal would need to distinguish changes 
in brightness, perhaps caused by high- 
lights and shadows, from colorful objects. 
The visual system would have to compare 
the signals in single midband receptors 
with those of others, as in normal color 
opponency. A simple way would be divide 
the response of each receptor type by an 
overall brightness signal derived by sum- 
ming the outputs of all midband receptors. 


An alternative is to compare signals of the 
three receptor types in each midband row, 
in effect giving the animal four independent 
trichromatic systems. 

The poor color discrimination found (3) 
is also a puzzle. It would be interesting to 
understand how stomatopods use color in 
their daily lives. For instance, in conflicts 
mantis shrimps seem to assess their oppo- 
nent’s color to decide whether to fight, 
allowing them to avoid dangerous oppo- 
nents (9). If so, they are likely to need to 
discriminate smaller differences than those 
found when they are trained to associate 
color with food (3). 
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Lifting the Fog of Complexity 


Dirk K. Morr 


materials’ complex properties is one of 

the main intellectual challenges in con- 
densed matter physics. The emergence of 
complexity is often tied to novel forms of 
collective behavior driven by strong inter- 
actions. Unconventional superconductors, 
such as the high-temperature (cuprate) or 
iron pnictide superconductors, and heavy 
fermion compounds are archetypical exam- 
ples for materials in which the competition 
and entwining of collective forms of behav- 
ior give rise not only to a complex phase 
diagram but also to unexpected properties 
that have resisted all attempts of a theoreti- 
cal explanation. In the phase diagram of the 
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cuprate superconductors, these properties 
are associated with the pseudogap region, 
a region located in close proximity to mag- 
netic, charge, and superconducting orders. 
Whether the competing nature of these var- 
ious orders is the underlying cause for the 
pseudogap and its unconventional properties 
is one of the central questions in this field. 
On pages 390 and 393 in this issue, Comin 
et al. (1) and da Silva Neto et al. (2) answer 
a crucial part of this question by elucidat- 
ing the relation among superconductivity, 
charge order, and the pseudogap region, as 
well as establishing the ubiquitous nature 
of charge order across different families of 
cuprate superconductors. 

The cuprates can be tuned from insu- 
lating antiferromagnets to unconventional 
superconductors via doping (chemical sub- 
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Combining surface- and bulk-sensitive 
experimental probes may help to solve 

the complexity underlying high-temperature 
superconductivity. 


stitution of elements), giving rise to a com- 
plex phase diagram (see the figure, panel A). 
Between the antiferromagnetic (AFM) and 
superconducting (SC) phases resides the 
pseudogap region, where many of the mate- 
rial’s properties strongly deviate from those 
predicted by Landau-Fermi liquid theory, 
one of the cornerstones of condensed mat- 
ter physics (3). The region’s name arises 
from the (incomplete) transfer of the mate- 
rial’s quantum states from low to high ener- 
gies, which creates an energetic pseudogap. 
The proximity of the pseudogap region to 
antiferromagnetism and superconductiv- 
ity, combined with the observation of static 
charge order (CO) in some cuprate families 
(4), has given rise to the suggestion that the 
pseudogap region represents an incipient 
charge (5), magnetic (6), or superconduct- 


Fermi surface 
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Unraveling complexity. (A) Schematic phase diagram of the cuprate superconduc- 
tors. Charge order (CO) involves pairing of an electron (solid circle) and hole (empty 
circle) with the same spin T and momenta k and k + q (green dashed ellipse), 
whereas superconductivity arises from pairing of two electrons with opposite spins, 
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T and J, and momenta k and —k (blue dashed ellipse). (B) Charge order implies 
spatial oscillations in the electron density, p(r). (C) Quantum states (in momentum 
space) involved in the formation of charge order (electron, solid black circle; hole, 
open black circle) and the quantum states affected by the pseudogap (red area). 
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ing order (7), arises from competing orders 
(8), or is tied to an insulating Mott state (9). 

Trying to identify the relation among 
charge order, magnetic order, superconduct- 
ing order, and the pseudogap region pres- 
ents a “chicken-or-egg” problem: Does the 
proximity to magnetic order induce super- 
conductivity and the pseudogap, or does the 
pseudogap facilitate charge order, thereby 
suppressing both magnetism and supercon- 
ductivity? Although these questions have 
been the topic of many debates, no consen- 
sus has been reached to date. Lifting this 
“fog of complexity” is important, as it is 
common to many strongly interacting sys- 
tems in condensed matter physics, nuclear 
physics (/0), and biology (//). 

The experiments by Comin et al. and 
da Silva Neto et al. provide a powerful new 
approach to address this issue. Combin- 
ing surface-sensitive scanning tunneling 
microscopy (STM) and angle-resolved pho- 
toemission spectroscopy (ARPES) experi- 
ments with bulk resonant elastic x-ray scat- 
tering (REXS) has enabled a comprehensive 
view of the relation among charge order, 
superconductivity, and the pseudogap in the 
bismuth-based family of high-temperature 
superconductors. With STM experiments 
probing the spatial structure of charge oscil- 
lations (see the figure, panel B) and REXS 
allowing the complementary detection of 
these oscillations in momentum space, the 
emergence of a dynamical charge order 
below a characteristic temperature 7, is 
demonstrated. The spatial wavelength Aco 
of these charge oscillations is similar to that 
observed in La-based (4) and Y-based (/2) 
cuprate superconductors; hence, this work 
establishes that dynamical charge order is a 
ubiquitous phenomenon in the high-temper- 
ature superconductors. 

The observation by Comin et al. that 
Teco approximately coincides with the onset 
temperature 7* of the pseudogap implies 
a close relationship between charge order 
and the pseudogap. However, which of 
them is the chicken and which is the egg? 
To answer this question, both groups inves- 
tigated the quantum states taking part in the 
formation of these two phenomena. Charge 
order emerges from the pairing of an elec- 
tron of momentum k with a hole (a miss- 
ing electron) of momentum k + q, where 
lq| = 27/Aco (see the figure, panel A). The 
electron and hole involved in the pairing 
process are located near the Fermi surface, 
an imaginary line in momentum space sep- 
arating electrons and holes. By using the 
Fermi surface extracted from ARPES exper- 
iments, both groups identified the electron 
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and hole quantum states participating in the 
formation of the dynamical charge order 
(see the figure, panel C). Are these quan- 
tum states the same as those being affected 
by the emergence of the pseudogap? Both 
groups provide a resounding no to this ques- 
tion: The quantum states involved in the for- 
mation of the charge order lie outside the 
region in momentum space that is involved 
in the formation of the pseudogap (see the 
figure, panel C). The conclusion is that it is 
the pseudogap that facilitates the formation 
of the charge order. 

Another important part of the puzzle is 
revealed by da Silva Neto ef al. through the 
observation that with the onset of supercon- 
ductivity at 7,, the strength of the charge 
order weakens, ultimately vanishing at tem- 
peratures well below 7,; this demonstrates 
the competing nature of superconductivity 
and charge order (/2). Because supercon- 
ductivity requires the pairing of an electron 
with another electron of opposite spin and 
momentum, the results of da Silva Neto et 
al. imply that the pairing partner of an elec- 
tron changes from being a hole at tempera- 
tures above 7, (giving rise to charge order) 
to being an electron below 7, (giving rise to 
superconductivity), with some superposi- 
tion of these two types of pairing possible 
in the vicinity of 7, (see the figure, panel A). 
The competition between charge order and 
superconducting order therefore reflects the 
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nature of two competing pairing tendencies 
that cannot be simultaneously satisfied. 

The studies by Comin ef al. and da Silva 
Neto et al. represent a major breakthrough in 
dissolving the fog of complexity surround- 
ing the cuprate superconductors. Nonethe- 
less, many questions still remain: What is 
the origin of the pseudogap? Is the competi- 
tion between different types of order respon- 
sible for the cuprates’ many unconventional 
properties? The comprehensive, multiprong 
approach adopted by Comin ef al. and da 
Silva Neto et al. is a promising way forward 
in investigating these and many other open 
questions posed by complex systems. 
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The Fiery Side of HIV-Induced 


T Cell Death 


Gaurav D. Gaiha' and Abraham L. Brass? 


A cytosolic protein that senses fragments of HIV-1 DNA triggers the death of uninfected CD4 T cells. 


sive destruction of CD4 T cells gives 

rise to a devastating number of oppor- 
tunistic infections—the hallmark of AIDS. 
Yet, it remains unclear how HIV-1 inexora- 
bly depletes these essential immune cells. 
Most of the dying CD4 T cells are uninfected 
“bystanders” that self-destruct upon expo- 
sure to HIV-1 DNA products generated dur- 
ing aborted infection (/). Doitsh et al. (2) and 
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a report by Monroe et al. on page 428 in this 
issue (3) show that these truncated fragments 
of HIV-1 DNA trigger CD4 T cell demise 
through an intense inflammatory cell death 
pathway—called pyroptosis—after their rec- 
ognition by an intracellular DNA sensor (4, 
5). 

Although HIV-1—induced CD4 T cell 
death had long been attributed to apoptosis (6, 
7), two host cell proteases, caspase-1 and cas- 
pase-3, are activated in bystander CD4 T cells 
by nascent HIV-1 genomic DNA (/). Whereas 
caspase-3 is associated with the classical path- 
way of apoptotic cell death, caspase-1 elicits 
“pyroptosis” (from the Greek for “fire fall- 
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ing). Caspase-1 is activated by a multiprotein 
complex, the inflammasome, which orches- 
trates antipathogenic responses (5, 8—10). 
However, it was not clear whether one or both 
of these death pathways delivered the fatal 
blow to bystander CD4 T cells. Doitsh et al. 
(2) now show that the mode of cell death is 
determined by how permissive the CD4 T 
cells are to HIV-1 infection. A small pro- 
portion (<5%) of activated CD4 T cells that 
are productively infected die by caspase-3— 
dependent apoptosis, but the vast majority 
of nonpermissive, quiescent cells perish as a 
result of caspase-1—elicited pyroptosis. The 
HIV-1 resistance of bystander CD4 T cells 
arises in part from a host cell deoxynucleoside 
triphosphate (dNTP) triphosphohydrolase 
[called sterile alpha motif (SAM) domain and 
histidine—aspartate (HD) domain—containing 
protein 1 (SAMHD1)]. This enzyme depletes 
cytosolic dNTP pools, thus depriving HIV-1 
of essential building blocks (//). Ironically, 
the incomplete viral DNA genomes produced 
as a consequence of SAMHD1’s protective 
inhibition of HIV-1 now appear to initiate 
pyroptosis as well as the elaboration of the 
inflammatory cytokine interleukin-18 (IL- 
1B), which lures even more CD4 T cells into 
the killing zone (/, 2). 

What host cell protein senses these 
incomplete strands of HIV-1 DNA and 
throws on the self-destruct switch? Monroe 
et al. used DNA affinity chromatography 
to identify six potential candidates. Previ- 
ous studies had characterized these factors 
as DNA binding proteins. Among these was 
interferon-y—inducible protein 16 (IFI16), 
which quickly moved to the top of the suspect 
list given its known role in forming an inflam- 
masome in response to herpesviruses and 
intracellular DNA (72, 73). When the authors 
inhibited IFI16 expression using RNA inter- 
ference, bystander CD4 T cell death was 
avoided to an extent similar to that achieved 
by drugs that block HIV-1 DNA production. 
The IFI16-depleted CD4 T cells also dis- 
played lower amounts of active caspase-1 
and inflammatory cytokines, consistent with 
decreased pyroptosis, and demonstrating that 
the relevant sensor was in hand. 

Monroe et al. further elucidated that IFI16 
played a nonredundant role in mediating 
bystander CD4 T cell death by ruling out three 
other sensor candidates that had also bound 
to HIV-1 DNA. Collectively, these find- 
ings highlight the potentially critical roles of 
IFI16, the inflammasome, and pyroptosis in 
the progression of HIV-1 infection to AIDS. 

The findings of Doitsh et al. and Mon- 
roe et al. also underscore the double-edged 
sword of immune defenses. IFI16 recog- 
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nizes the DNA of multiple herpesviruses, 
leading to the curtailment of their replica- 
tion (12, 13). However, when similarly acti- 
vated by the DNA of HIV-1, this same sen- 
sor sets in motion the depletion of a crucial 
class of relatively resistant CD4 T cells, 
thereby substantially contributing to the 
AIDS pandemic. The flipside of this sce- 
nario is that individuals with inactivating 
polymorphisms in IFI16, though more vul- 
nerable to herpesviruses, may nonetheless 


T cell suicide. Nonproductive HIV-1 infection of 
quiescent “bystander” CD4 T cells generates incom- 
plete HIV-1 DNA genomes that are recognized by the 
host DNA sensor IFI16. IFI16 then forms an inflam- 
masome with apoptosis-associated speck-like pro- 
tein (ASC), resulting in the activation of caspase-1. 
In turn, activated caspase-1 elicits pyroptosis, which 
includes nuclear DNA fragmentation, cytokine pro- 
duction (IL-1B), and cell rupture. The consequences 
are cell death and an inflammatory cycle that attracts 
and destroys additional CD4 T cells, leading to dis- 
ease progression. Although the host factor SAMHD1 
depletes dNTPs and thereby inhibits the viral reverse 
transcriptase (RT) (not shown), there are enough 
abbreviated HIV-1 genomes to elicit cellular suicide. 


be protected from CD4 T cell loss during 
HIV-1 infection. 

Indeed, the studies by Doitsh et al. and 
Monroe et al. may set the stage for a new class 
of anti-HIV-1 therapeutics, as demonstrated 
by the caspase-1 inhibitor VX-765, which 
prevents CD4 T cell pyroptosis and death 
(2, 14). The identification of this effective 
and clinically safe inhibitor provides excit- 
ing opportunities to perform in vivo stud- 
ies that explore the contribution of pyropto- 
sis to CD4 T cell decline. Future efforts will 
likely address whether pyroptosis inhibition 
has a clinical indication, together with exist- 
ing antiretroviral therapy, in preventing dis- 
ease progression. Such a prospect would be 
a welcome addition to the armamentarium of 
current therapeutics by uniquely targeting the 
self-destructive consequences of this damag- 
ing inflammatory response. In addition, by 
acting upon a host target, these anti-inflam- 
matory therapies would circumvent viral 
resistance, thereby providing a potentially 
durable approach to prevent AIDS. 
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A Paleogenomic Perspective on 
Evolution and Gene Function: 
New Insights from Ancient DNA 


B. Shapiro** and M. Hofreiter?’* 


The publication of partial and complete paleogenomes within the last few years has reinvigorated 
research in ancient DNA. No longer limited to short fragments of mitochondrial DNA, inference 

of evolutionary processes through time can now be investigated from genome-wide data sampled as far 
back as 700,000 years. Tremendous insights have been made, in particular regarding the hominin 
lineage. With rare exception, however, a paleogenomic perspective has been mired by the quality and 
quantity of recoverable DNA. Though conceptually simple, extracting ancient DNA remains challenging, 
and sequencing ancient genomes to high coverage remains prohibitively expensive for most 
laboratories. Still, with improvements in DNA isolation and declining sequencing costs, the taxonomic 
and geographic purview of paleogenomics is expanding at a rapid pace. With improved capacity to 
screen large numbers of samples for those with high proportions of endogenous ancient DNA, 
paleogenomics is poised to become a key technology to better understand recent evolutionary events. 


ancient DNA has been among those most 

dramatically transformed by high-throughput, 
“next-generation” DNA sequencing (NGS) technol- 
ogies (Fig. 1). Within the last several years, these 
technologies have made it possible to sequence 
and assemble ancient genomes (Table 1), an ac- 
complishment that for much of the history of the 
field was widely believed to be impossible. 

The first ancient DNA sequences were reported 
three decades ago from a museum-preserved 
skin of the extinct quagga (/), and, nearly simul- 
taneously, from an Egyptian mummy (2). Al- 
though the latter is now widely accepted to be 
the result of contamination, highlighting a major 
issue to be overcome, these early studies garnered 
enthusiasm to obtain DNA from fossils. The in- 
vention of the polymerase chain reaction (PCR), 
which amplifies nucleic acids (3), soon made it 
possible to target specific sequences, allowing 
for replication and validation. Not surprisingly, 
many of the most improbable results—DNA 
from dinosaurs and amber, for example—could 
not be validated and are now known to have been 
the result of contamination (4, 5). In response, 
the ancient DNA community adopted a suite of 
criteria for authenticating data (6, 7). These in- 
cluded replicability—if an ancient DNA sequence 
is real, it should be possible to reproduce it—and 
reliability—replicates of the same target sequence 
should be identical. Although some early ancient 
DNA studies targeted nuclear DNA (S—/0), an- 
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cient nuclear DNA sequences authenticated with 
these criteria were rare. 

The DNA sequences discussed here are la- 
beled “ancient,” but this classification is less about 
age than about biochemical condition. Most re- 
coverable fragments of ancient DNA are shorter 
than 100 base pairs (bp) in length (//) and con- 
tain miscoding lesions (/2—/4) that can result in 
erroneous sequences. Although it was predicted 
that ancient DNA would not survive for more than 
100,000 years (/5), it is now known that DNA 
can survive nearly an order of magnitude longer 
than that (76-78). 

Ancient DNA makes it possible to observe 
changes in genetic diversity through time. It can 
be used to test hypotheses about the relationships 
between environmental events and evolutionary 
changes in populations [e.g., (79—2/)]. It can also 
resolve controversy about evolutionary relation- 
ships between species [e.g., (22—25)] and provide 
calibrations for the molecular clock [e.g., (26)]. 
However, as ancient DNA has remained restricted 
primarily to high-copy number mitochondrial 
and chloroplast DNA, these inferences tend to 
come from single loci. Without access to the nu- 
clear genome, it is not possible to infer extinct 
phenotypes, detect episodes of selection, or in- 
vestigate hypotheses about ancient admixture. 

With a complete genome, however, it is possible 
to infer even complex evolutionary relationships 
(Fig. 2). For example, if their age is known, paleo- 
genomes can resolve and provide calibration for 
molecular phylogenies, as in a recent study of horse 
evolution (Fig. 2A) (/8). If sequenced to sufficiently 
high coverage, paleogenomes can be used to infer 
long-term demographic trends. For example, using 
coalescent theory combined with genome-wide het- 
erozygosity (27), the demographic history of the 
Denisovans, an archaic hominin group known only 
from Denisova cave in the Altai Mountains in Siberia, 
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was inferred (Fig. 2B) (28). Paleogenomic data can 
also be used to reveal otherwise cryptic relation- 
ships between past and present populations. Most 
notable has been the discovery of admixture be- 
tween Neandertals, Denisovans, and anatomically 
modern humans (29-3/). As greater numbers of 
paleogenomes become available, it is likely that 
similar situations will be revealed for other taxa, 
providing increased power to understand the rela- 
tionship between environmental change and bio- 
diversity (Fig. 2C). Beyond demographic inferences, 
paleogenomes can be used to identify selection 
within the genome, including genetic changes that 
may underlie species-specific traits (Fig. 2D). For 
example, 367 mutations in genes, regulatory re- 
gions, and splice sites that have become fixed in 
humans since divergence from Denisovans were 
identified from the Denisova genome (28), pres- 
enting potential targets for future functional 
analyses. Finally, paleogenomes provide a means 
to investigate genome evolution (32), including 
the evolution of pathogenicity (33-38). 


The First Paleogenomes and the Enduring 
Curse of Contamination 


In 2005, a high-throughput approach was used to 
sequence ~15,000 bacterial colonies containing 
DNA sampled from two ~40,000-year-old Austrian 
cave bears (39). The result was a mixed sample of 
cave bear, bacteria, fungi, plant, and other sequences, 
where less than 6% of the recovered DNA was 
determined to be that of cave bear (39). Neverthe- 
less, the 27 kb of cave bear nuclear DNA established 
that, in principle, it would be possible to sequence 
and assemble a paleogenome. 

The low percentage of endogenous DNA in 
these samples is not surprising. When an orga- 
nism dies, its DNA begins to decay almost im- 
mediately and continues to decay at a rate determined 
by the environment (/5, 40). Cold, dry environ- 
ments discourage the growth of microorganisms 
and minimize chemical damage. Remains that 
are quickly buried and, ideally, frozen tend to be 
best preserved. Extracted ancient DNA is always 
a mixture of organismal and environmental DNA, 
including DNA from bacteria, fungi, and other 
organisms that colonize the sample during burial, 
and any contamination occurring during excava- 
tion and processing. However, low endogenous 
percentages do not rule out paleogenomic analy- 
sis. For example, paleogenomic data were used 
to infer the evolutionary relationship between a 
6000-year-old Myotragus (an extinct bovid) and 
other bovid species despite 0.27% endogenous 
content (4/). Even lower values (0.01 to 0.03% 
endogenous DNA) were reported from a ~40,000- 
year-old human bone from Tianyuan Cave, China, 
and yet a complete mitochondrial genome and 
several nuclear loci were reconstructed (42). Al- 
though samples with more endogenous DNA are 
better targets for sequencing, endogenous DNA 
content varies widely, even between samples with 
similar preservation histories (43—45), making 
sample selection a difficult but important step. 


1236573-1 


REVIEW 


The first paleogenomic studies using NGS 
produced ~13 Mb of nuclear DNA from a 28,000- 
year-old mammoth fossil (46) and ~1 Mb of Ne- 
andertal DNA (47). A simultaneous project using 
bacterial cloning to sequence the same Neander- 
tal extract produced ~60 kb of Neandertal nuclear 
DNA. Among the two Neandertal studies, the 
study that used bacterial cloning inferred an older 
common ancestor for the lineages leading to hu- 
mans and Neandertals. A reanalysis of the NGS- 
derived data (48) suggested that more than 50% of 
the sequences may have been contaminants from 
modern humans. 

Remains can become contaminated with hu- 
man DNA at any point during excavation, stor- 
age, and processing. The most reliable methods 
to estimate contamination do so directly, by iden- 
tifying sequence motifs that differ between the 
paleogenome and the potential contaminant and 
then calculating the proportion of contaminating 
sequences (49). This approach was used to esti- 
mate the amount of contamination in the mito- 
chondrial component of the NGS Neandertal data 
set (47). Positions that differed between the new- 
ly available, complete Neandertal mitochondrial 
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i ¢ Single-locus data sets 
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data 
generated 
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genome and humans were identified and counted, 
and it was estimated that ~11% of the original 
mitochondrial data were modern human contam- 
inants (50). This direct approach is now widely 
used in paleogenomic analyses [e.g., (29, 3/, 5/)]. 
Although the source of contamination in the 
first NGS-derived Neandertal data set remains un- 
known and later Neandertal research has super- 
seded these early data, the issue provided an 
important lesson to the paleogenomics commu- 
nity: The sequencing library was not prepared in 
a sterile laboratory (50), and this may have pro- 
vided an opportunity for contamination. Conse- 
quently, paleogenomic libraries are now routinely 
prepared in dedicated ancient DNA facilities. 


Hominin Paleogenomics 

In 2010, a 20-fold coverage genome of a 4000- 
year-old paleo-Eskimo from Greenland’s Saqqaq 
culture was isolated from a tuft of hair (57). Hair 
is a good source of ancient DNA because its hy- 
drophobic exterior limits colonization by bacteria 
and makes it possible to clean the surface before 
extraction (52). In assembling these data, a poten- 
tial general limitation of paleogenomics was re- 
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vealed: Even with 20-fold coverage, only 79% of 
the Saqqaq genome could be determined. This is 
likely a consequence of the short length of an- 
cient DNA fragments (an average for the Saqqaq 
specimen of 55 bp) (5/). Although there is no 
strict rule, most very short fragments cannot be 
mapped unambiguously to a single location in 
a genome, particularly when that genome is high- 
ly repetitive, as are most eukaryotic genomes. 
Unfortunately, most ancient sequences are as 
short as or shorter than the Saqqaq sequences [e.g., 
(17, 28, 29)] (Table 1). Even those isolated from 
a tuft of 100-year-old hair from an Australian 
aborigine were, on average, only 69 bp long, de- 
spite the specimen’s young age (53). Given the 
challenge of accurately mapping short reads to a 
reference genome, it has been standard in paleo- 
genomic assemblies to discard sequence fragments 
<30 bp in length (/7, 28, 29). This suggests that, 
even with improved methodologies to recover the 
shortest surviving DNA fragments (/7), it may 
not be possible to sequence any eukaryotic paleo- 
genome truly to completion. 

Soon after the Saqqaq paleogenome, a 1.3-fold 
coverage Neandertal genome (29) was produced 
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Fig. 1. Improvements in ancient DNA recovery through time. The intro- 
duction of NGS substantially increased the amount of DNA that could be targeted 
in a single experiment, and more recent methodological advances have resulted in 
increasingly efficient DNA extraction and library preparation. Paleogenomics will 
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always be limited by the amount of DNA that survives in a given sample; future 
advances will stem from continued improvements in DNA recovery efficiency, as 
well as from technical advances in sequencing, such as single-molecule se- 
quencing, which will allow better characterization of surviving fragments of DNA. 
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from bones from Vindija Cave in Croatia that 
contained only 1 to 5% endogenous DNA. This 
was quickly followed by a 1.9-fold coverage ge- 
nome from a hominin from Denisova cave (30) 
and an 11-fold coverage genome from an Aus- 
tralian aborigine (53). The Denisova genome was 
later improved to 30-fold coverage (28) thanks to 
very high (~70%) endogenous DNA content and 
anew, more efficient method to prepare sequenc- 
ing libraries (54). Recently, a ~50-fold coverage 
Neandertal paleogenome was recovered from an- 
other extremely well preserved bone with a high 
(~70%) endogenous content, also from a cave in 
the Altai Mountains of Siberia (3/). 

Analyses of these paleogenomes revealed 
several episodes of admixture between hominin 
lineages during recent evolutionary history. For 
example, 1 to 4% of the genomes of all modern 
humans except sub-Saharan Africans is derived 
from admixture from Neandertals (29, 37). This 


finding remains controversial; ancient population 
structure in the African population ancestral to 
humans and Neandertals has been proposed as an 
alternative explanation [e.g., (55—57)]. Analyses 
of the Denisovan paleogenome convincingly sup- 
port the admixture model, however. Although the 
Denisovan mitochondrial genome is distantly re- 
lated to that of both humans and Neandertals 
(58), analysis of the Denisovan nuclear genome 
shows that Denisovans and Neandertals are sister 
groups with respect to humans. Thus, they are 
likely descended from the same original hominin 
group (30, 59). If ancient population structure in 
Africa were to explain the sharing of alleles be- 
tween the Vindija Neandertals and modern Eu- 
rasians, the Denisova genome should show the 
same pattern of allele sharing. However, there is 
no evidence of allele sharing between Denisovans 
and modern Europeans or East Asians (30). In- 
stead, the Denisova genome shares a number of 
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rare polymorphisms (around 5 to 7% of the ge- 
nome) with modern Australian and Melanesian 
populations (28, 53, 60). 

Paleogenomes have also been used to learn 
specific details about an individual or population. 
For example, the high-coverage Altai Neandertal 
paleogenome revealed that inbreeding among close 
relatives was common in Neandertal population 
history (37). Within modern humans, paleoge- 
nomic analyses have confirmed that the Saqqaq 
culture represented a different migration from that 
which later established Inuit populations in Green- 
land (5/), and that Australian aborigines arrived 
in Australia during a wave of human dispersals 
before divergence between modern Europeans 
and Asians (53). At the level of the individual, 
analyses of a paleogenome of the 5300-year-old 
Tyrolean Iceman (6/) showed that his closest 
genetic affiliations were with modern Sardinians, 
even though his remains were recovered from the 


Table 1. Paleogenomic and partial paleogenomic data sets generated using NGS and used for genome-scale evolutionary inference, as of 
December 2013. n/r, not reported; n/a, not applicable; SNP, single-nucleotide polymorphism; indels, insertions and deletions. 


Lineage Common name Reference Age (years ago) Endogenous (%) Coverage Average read length 
ee Partial: 
Mammuthus primigenius Mammoth (46) 28,000 45.4 13 Mb 89 
(65) 18,500* 90 <1x 93 
: Partial: 
Myotragus balearicus Myotragus (41) 6,000 0.27 16 kb 60 
Homo sapiens Human (51) 4,000 84 20x 55 
(53) 100 61 11x 69 
(61) 5,300 77.6 7.6x n/r 
7,000 Partial: 
(87) 2 bones 1.7 and 2.3 é and 4. Mb 75 and 60 
Partial: 
(62) 5,000 (4 bones) 2.4-6.3 0.6-1.6 Mb 55 
(88) manana ~0-21 Partial: up to 1.5 Mbt 100 
(5 mummies) 
(89) 24,000 and 17,000 17.1 and 0.8 1x and 0.1x 84 and 80 
‘ 3 bones: 38,300, 
Homo Neandertal’ Denisovan (29) 44,500, undated <5 1.3x 47 
(30) 74—82,000t 70 1.9x 58, 74 
(28) 74-82,000t 70 30x nr 
~50,000 (Altai) and 
(31) 60,000-70,000 (Caucasus) ~70 and ~4 52x and 0.5x 71-99 and 47 
Ursus maritimus Polar bear (63) 120,000 ~0.8 0.4x 123 
(64) 43 86 4.3x 122 
: 50,000—3,750 Partial: 
Gossypium Cotton (32) (4 samples) 45.7-95.1 16 Mb 37-73 
Yersinia pestis Plague (33) 663 n/r 30x 56 
Partial: 
Mycobacterium tuberculosis TB (35) ~150 nr 218 SNPs, 10 indels, nr 
2 repeats 
38,500 and 57.4 and 
Equus Horse (18) ~700,000 (2 bones) 05-42 1.78x and 1.12x n/r and 60 
Phytophthora infestans Irish potato famine (36) ee 08 0.4—2.6 3-22x 52-79 
mee P (5 samples) — 
(38) pple 1.0-20 ~0-25x 50-85 
(11 samples) 
, ~1075-—700 49-109 
Mycobacterium leprae Leprosy (37) (7 samples) 0.2—40 5-105 


*Age provided is for the sample selected for the deepest sequencing. 
and average number of reads of 150,000. 


Estimated using the “branch shortening” method (28). 
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European Alps. A partial paleogenome from 5000- 
year-old remains of a human farmer from Gotland, 
southeastern Sweden, also revealed close affilia- 
tions with living southern Europeans and not 
with 5000-year-old hunter-gatherers from Gotland 
(62). Together with the Iceman’s genome, these 
data provide evidence that the spread of agricul- 
ture across Europe involved the movement of 
people and not only ideas. 


Beyond Hominins and the Future 
of Paleogenomics 


As of October 2013, the only vertebrate lineages 
other than hominins for which a >1-fold coverage 


20 ka 


30 ka 


Ancient, 
horse 4 © 


paleogenome is published are polar bears (Ursus 
maritimus) (63, 64) and horses (Equus) (18). A 
partial mammoth genome has been published 
(65), but despite the excellent biomolecular 
preservation of permafrost-preserved mammoth 
remains, no high-coverage genome yet exists. 
The small number of paleogenomes is at least 
partly due to the paucity of fossils with high 
proportions of endogenous DNA. Some sub- 
strates, such as hair, contain higher fractions of 
endogenous versus environmental DNA than do 
others, but hair is uncommon in the fossil record. 
Although there is presently no widely imple- 
mented method to predict endogenous DNA 


content, quantitative PCR can estimate relative 
abundance of environmental versus endogenous 
DNA (66). Sequencing pooled, barcoded libraries 
to low coverage can also estimate the quality of 
each library at low cost. Recently, progress has 
been made in both ancient DNA isolation and 
target enrichment. For example, a new extraction 
protocol increases recovery of the shortest DNA 
fragments (/7) and, consequently, may enrich for 
endogenous DNA, which tends to be more frag- 
mented than environmental and other contami- 
nants. Also, a new method for preparing genomic 
libraries retains single-stranded, as well as double- 
stranded, molecules (54). 
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Fig. 2. Insights made possible through the analysis of paleogenomes. 
(A) Paleogenomes can be used both to resolve evolutionary relationships and 
provide a source calibration for a molecular clock: Multiple genome align- 
ments of horses including a 700,000-year-old paleogenome pushed back 
estimates of the divergence among Equus to more than 4 Ma (28). (B) High- 
coverage paleogenomes can be used to infer complex demographic histories 
of an extinct lineage: The 30x Denisova genome was used to infer the size of 
the Denisova population through time (28). ka, thousands of years ago. (C) A 
simulated data set describing how paleogenomic data can reveal the effect of 
environmental change on genetic diversity. A previously widespread popu- 
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lation (orange circles) becomes subdivided into two isolated populations 
(orange and blue) during the glacial maximum (~20 ka), when ice sheets 
block dispersal between the north and south. As the ice recedes, both pop- 
ulations expand into the deglaciated area, resulting in a hybrid zone (shaded 
circles). Only admixed individuals survive to the present day. (D) Comparison 
between loci makes it possible to distinguish regions of the genome or phenotypes 
that (i) are evolving neutrally versus those that (ii) have undergone a recent 
selective sweep. Based on comparison with the Neandertal genome, 4235 
genomic regions >25 kb in length were identified as having swept to fixation 
in modern humans (28). 
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DNA hybridization capture methods also aim 
to enrich genomic libraries for endogenous rela- 
tive to environmental DNA. Large-scale enrich- 
ment approaches rely on a process of selective 
hybridization, whereby synthesized bait molecules 
representing targeted regions hybridize with and 
immobilize ancient DNA sequences in the library, 
and anything that does not hybridize is washed 
away (67). These methods have targeted genomic 
DNA from hominins (42, 68) and maize (69); 
mitochondrial genomes of archaic and modern 
humans (42, 44, 58, 70, 71), horses (18), a cave 
bear (/7), and the oldest putative dog remains 
(72); and DNA from multiple pathogenic orga- 
nisms (33-35, 37). One potential complication 
of whole-genome enrichment is high-copy num- 
ber sequences, which tend to dominate enriched 
libraries (69). Nonetheless, capture-enrichment 
methods have increased the range of samples 
useful for paleogenomic research and remain a 
promising area of research. 


Interpreting Paleogenomes 


Although nonhuman and pathogenic organisms 
represent a major area of growth in paleogenomics, 
most nonhuman taxa lack high-quality, annotated, 
reference genomes. This presents a challenge 
to genome assembly and limits biological in- 
sight. For example, the mammoth paleogenomic 
data confirmed a slower evolutionary rate among 
elephantids than among hominids (65), but this was 
described previously from an analysis of mito- 
chondrial genomes (73). Also, the main insight 
obtained from the ancient horse paleogenome 
was that the genus Equus began to diverge 4 to 
4.5 million years ago (Ma), much older than pre- 
vious estimates (/8). Assembling and interpreting 
paleogenomes will undoubtedly become simpler 
as more genomes are produced, in particular ge- 
nomes from taxonomically diverse organisms. As 
coverage depth increases, it will also become pos- 
sible to perform analyses that rely on accurate 


Fig. 3. The relationship between 


estimates of heterozygosity, such as estimates of 
changes in population size through time (27). 

Demographic inference and admixture analy- 
sis are not the only applications of paleogenomes. 
Paleogenomes whose ages are well constrained 
may be useful to calibrate a molecular clock or to 
investigate genome stability —for example, by trac- 
ing movements of transposable elements through 
time (32). Multiple paleogenomes of the same 
species will enable inference of changes in selec- 
tion pressure over time, allowing direct observa- 
tion of Darwinian evolution. For example, as a 
reaction to potato blight, plant breeders introduced 
genes from wild relatives into the potato genome, 
which provided resistance to infection by the fun- 
gus Phytophtora infestans. In response, P. infestans 
evolved new effector protein alleles that enabled 
them to infect resistant plants. P infestans paleo- 
genomes isolated from historic specimens were 
missing these new alleles (36, 38). Similarly, by 
observation of genomic differences that accumu- 
late through time, paleogenomes could provide a 
means to discover domestication-associated genes 
(74), particularly where comparison between wild 
and domestic genotypes is not possible, either be- 
cause the wild form is extinct (e.g., European 
cattle) (75) or because of relatively recent inter- 
breeding between the wild and domestic forms 
(e.g., pigs) (76). 

Understanding how extinct organisms differed 
from living organisms remains another major ob- 
jective of paleogenomics. Linking genotype to 
phenotype has been possible by using PCR (77, 78); 
however, few insights have been gained thus far 
from paleogenomes. Lists of genes that may in- 
fluence phenotype, generated from positive se- 
lection scans, have been published for hominins 
(29), bears (63), and horses (/8). However, these 
data lack functional verification and remain 
speculative. 

More progress has been made in identifying 
and describing the function of genes passed into 
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the human lineage after admixture with archaic 
humans. Abi-Rached et al. (79) identified a spe- 
cific human leukocyte antigen (a gene involved 
in the human immune response) allele that was 
acquired by humans from Denisovans and has 
since risen to high frequency in some west Asian 
populations. Understanding how the archaic 
version of this gene differs from human versions, 
and why the archaic version may be increasing in 
frequency, may shed light on the evolution of the 
human immune system. Interestingly, alleles for 
two other immune-related genes, OAS and STAT2, 
have also been identified as having introgressed 
into modern humans from Neandertals and 
Denisovans (80, 87). 


Looking Ahead 


As methods to isolate and sequence endogenous 
ancient DNA continue to improve, the next few 
years will almost certainly see an explosion in the 
taxonomic diversity, number, and temporal range 
of published paleogenomes. Although the de novo 
assembly of most paleogenomes will remain lim- 
ited by the short fragment length of ancient ge- 
nome (82), increasingly evolutionarily diverse 
genomes from living organisms will provide scaf- 
folds against which most paleogenomes can be 
assembled (Fig. 3). 

A major goal of genomics is to infer function 
directly from a genome. Although it is not pos- 
sible to observe many ancient phenotypes, it may 
be possible to recover epigenetic information from 
some paleogenomic data sets (83); additional 
work in this very new area will reveal how useful 
such epigenetic information will be. Improved 
annotation of modern genomes will also greatly 
facilitate the analysis and interpretation of paleo- 
genomes. Better integration with other fields of 
research, including developmental and synthetic 
biology and biochemistry, will no doubt facilitate 
achieving these goals. Although paleogenomes 
are not necessary to understand how a genome 


evolutionary distance and the util- Extinct Closest Divergence 
ity of using an extant taxon as a species genome (Ma) 
reference for paleogenome assem- 100 A. Haast’s eagle Little eagle 15 
bly. Increasing evolutionary distance ° B. Mammoth Asian elephant 5 
results in a rapid decrease in the pro- 8 C. Woolly rhino Sumatran rhino 20 
portion of reads mappable to the = 80 D. Stellers seacow Dugong 22 
reference genome (blue bars) (82). = EeGreatane Razorbill 5 
We selected 11 species for which > F. Mastodon Elephants 97 
res : Lipset pert e 50 G. Passenger pigeon Band-tailed pigeon 35 
and plot them against approximate 3 ae ae ” 
divergence from their closest living = i baa Nigsheeecean 43 
relative (x axis). Apart from the moa, 5 40 = i - “ es x 
most species have a living relative that 3 ae an 
is diverged by no more than ~50 Ma, s 2 z 
suggesting that it should in principle be = wos = = 
possible to use their genomes as refer- ° = 5 

i fe) = fe 
ences for assembling paleogenomes. 3s & 5 Mouga 


0 20 


40 60 
Divergence (Ma) 


SCIENCE VOL 343 24 JANUARY 2014 1236573-5 


www.sciencemag.org 


REVIEW 


encodes an organism, genomic data from extinct 
lineages will reveal extinct alleles, such as the 
changes observed in mammoth hemoglobin that 
appear to have provided an adaptive advantage to 
elephantids in cold climates (84). Finally, although 
deextinction remains a controversial topic with 
many barriers to success (85), a multidisciplinary 
approach may make it possible to revive extinct 
phenotypes (86), suggesting that at least some 
aspects of extinction may not be forever. 

Perhaps most importantly, the last few years 
of paleogenomic research have revealed that the 
ancient DNA community may have been over- 
cautious with regard to the time scale and range 
of substrates suitable for analysis. We have learned, 
for example, that with a conscientious approach 
to avoiding contamination, it is possible to gen- 
erate high-quality ancient human genomes. Paleo- 
genomes isolated from pathogenic organisms have 
confirmed that pathogen DNA survives in the 
fossil record. A 700,000-year old horse genome 
(78) and >300,000-year-old mitochondrial ge- 
nomes from a cave bear (/7) and a hominin (77), 
both from bones preserved in Spanish caves, in- 
dicate that DNA preservation extends further back 
in time and across a wider range of environments 
than has been generally assumed. Although in 
many cases individual specimens will continue 
to yield key information—for example, about de- 
mography or paleoecology—the next phase of 
paleogenomic inference is likely to come from 
population-level data sets, which will provide a 
means to explore adaptive evolution directly through 
time. As the number and range of published palaeo- 
genomes grows, paleogenomics is poised to play 
an increasingly important role in improving our 
understanding of evolutionary processes over 
the short and medium term. 
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INTRODUCTION 


Habitability, Taphonomy, 


and the Search for 


Organic Carbon on Mars 


THE QUEST FOR EXTRATERRESTRIAL LIFE IS AN OLD AND INEVITABLE 
ambition of modern science. In its practical implementation, the 
core challenge is to reduce this grand vision into bite-sized pieces 
of research. In the search for organic remnants of past life, it is enor- 
mously helpful to have a paradigm to guide exploration. This begins 
with assessing habitability: Was the former environment supportive of 
life? If so, was it also conducive to preservation of organism remains, 
specifically large organic molecules? 

The 2004 arrival of the Mars Exploration Rovers (MERs) Spirit and 
Opportunity provided a chance to investigate ancient aqueous envi- 
ronments in situ and deduce their likelihood : 
of supporting life. Initial results confirmed 
what data from orbiters had long suggested— 
that diverse aqueous environments existed on 
the surface of Mars billions of years ago. The 
success of the MERs led to the development 
of the Mars Science Laboratory (MSL) mis- 
sion. The Curiosity rover landed at Gale crater 
in 2012 and was designed to specifically test 
whether ancient aqueous environments had 
also been habitable. In addition to water, did 
these ancient environments also record evi- 
dence for the chemical building blocks of life 
(C, H, N, O, P, S), as well as chemical and/or 
mineralogic evidence for redox gradients that 
would have enabled microbial metabolism, 
such as chemoautotrophy? Curiosity also has 
the capability to detect organic carbon, but it 


AD 


a 


report the detection of an ancient clay-forming, subsurface aqueous 
environment at Endeavour crater, Meridiani Planum. Though Oppor- 
tunity does not have the ability to directly detect C or N, it has been 
able to establish that several of the other key factors that allow for the 
identification of a formerly habitable environment were in place. This 
potentially habitable environment stratigraphically underlies and is 
considerably older than the rocks detected earlier in the mission that 
represent acidic, hypersaline environments that would have challenged 
even the hardiest extremophiles. The presence of both Fe**- and Al-rich 
smectite clay minerals in rocks on the rim of the Noachian age Endeav- 
our impact crater were inferred from the joint 
use of hyperspectral observations by the Mars 
Reconnaissance Orbiter and extensive surface 
observations by the Opportunity rover. The 
rover was guided tactically by orbiter-based 
mapping. Extensive leaching and formation 
of Al-rich smectites occurred in subsurface 
groundwater fracture systems. 

Grotzinger et al. show that an ancient 
habitable environment existed at Yellow- 
knife Bay, Gale crater, where stream waters 
flowed from the crater rim and pooled in a 
curvilinear depression at the base of Gale’s 
central mountain to form a lake-stream- 
groundwater system that might have existed 
for millions of years. Vaniman e¢ al. pro- 
vide evidence for moderate to neutral pH, 
as shown by the presence of smectite clay 


is not equipped for life detection. 

Five articles presented in full in the online 
edition of Science (www.sciencemag.org/ 
extra/curiosity), with abstracts in print (pp. 
387-389), describe the detection at Gale 
crater of a system of ancient environments 
(including streams, lakes, and groundwater 
networks) that would have been habitable by 
chemoautotrophic microorganisms. The Hes- 
perian age (<~3.7 billion years) rocks men- 
tioned in these articles are at the young end 
of the spectrum of ancient martian aqueous 


Image taken by the Mars Hand Lens Imager of 
the John Klein drill hole (1.6 cm in diameter) at 
Yellowknife Bay reveals gray cuttings of mud- 
stone (ancient lake sediments), rock powder, 
and interior wall. An array of eight ChemCam 
laser shot points can be seen. The gray color sug- 
gests that reduced, rather than oxidized, chemical 
compounds and minerals dominated the pore fluid 
chemistry of the ancient sediment. A cross-cutting 
network of sulfate-filled fractures indicates later 
flow of groundwater through fractures after the 
sediment was lithified. 


minerals and the absence of acid-environ- 
ment sulfate minerals, and show that the 
environment had variable redox states due to 
the presence of mixed-valence Fe (magne- 
tite) and S (sulfide, sulfate) minerals formed 
within the sediment and cementing rock. 
McLennan et al. show that lake salinities 
were low because of the very low concentra- 
tion of salt in the lake deposits. Elemental 
data indicate that clays were formed in the 
lake environment and that minimal weath- 
ering of the crater rim occurred, suggesting 


environments. Yet, a sixth article details a more ancient and also poten- 
tially habitable environment detected in Noachian age (>~3.7 billion 
years) rocks at Meridiani Planum. A seventh article describes the pres- 
ent radiation environment on the surface of Mars at Gale crater and its 
influence on the preservation of organic compounds in rocks. 
Opportunity landed at Meridiani Planum on 25 January 2004. 
Coincident with the 10th anniversary of this landing, Arvidson et al. 


that a colder and/or drier climate was prevalent. 

Ming ef al. show that the thermal decomposition of rock powder 
yielded NO and CO.,, indicating the presence of nitrogen- and carbon- 
bearing materials. CO, may have been generated by either carbon- 
ate or organic materials. Concurrent evolution of O, and chlorinated 
hydrocarbons indicates the presence of oxychlorine species. Higher 
abundances of chlorinated hydrocarbons in the lake mudstones, as 
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compared with modern windblown materials, suggest that indigenous 
martian or meteoritic organic C sources are preserved in the mudstone. 
However, the possibility of terrestrial background sources brought by 
the rover itself cannot be excluded. 

These results demonstrate that early Mars was habitable, but 
this does not mean that Mars was inhabited. Even for Earth, it was 
a formidable challenge to prove that microbial life existed billions 
of years ago—a discovery that occurred almost 100 years after Dar- 
win predicted it, through the recognition of microfossils preserved in 
silica (/). The trick was finding a material that could preserve cellular 
structures. A future mission could do the same for Mars if life had 
existed there. Curiosity can help now by aiding our understanding of 
how organic compounds are preserved in rocks, which, in turn, could 
provide guidance to narrow down where and how to find materials 
that could preserve fossils as well. However, it is not obvious that 
much organic matter, of either abiologic or biologic origin, might sur- 
vive degradational rock-forming and environmental processes. Our 
expectations are conditioned by our understanding of Earth’s earliest 
record of life, which is very sparse. 

Paleontology embraces this challenge of record failure with the 
subdiscipline of taphonomy, through which we seek to understand 
the preservation process of materials of potential biologic interest. On 
Mars, a first step would involve detection of complex organic molecules 
of either abiotic or biotic origin; the point is that organic molecules are 
reduced and the planet is generally regarded as oxidizing, and so their 
preservation requires special conditions. For success, several processes 
must be optimized. Primary enrichment of organics must first occur, 
and their destruction should be minimized during the conversion of 
sediment to rock and by limiting exposure of sampled rocks to ionizing 
radiation. Of these conditions, the third is the least Earth-like (Earth’s 
thick atmosphere and magnetic field greatly reduce incoming radia- 
tion). Curiosity can directly measure both the modern dose of ionizing 
cosmic radiation and the accumulated dose for the interval of time that 
ancient rocks have been exposed at the surface of Mars. 

Hassler et al. quantify the present-day radiation environment on 
Mars that affects how any organic molecules that might be present 
in ancient rocks may degrade in the shallow surface (that is, the top 
few meters). This shallow zone is penetrated by radiation, creating 
a cascade of atomic and subatomic particles that ionize molecules 
and atoms in their path. Their measurements over the first year of 
Curiosity’s operations provide an instantaneous sample of radiation 
dose rates affecting rocks, as well as future astronauts. Extrapolating 
these rates over geologically important periods of time and merging 
with modeled radiolysis data yields a predicted 1000-fold decrease in 
100—atomic mass unit organic molecules in ~650 million years. 

Sediments that were buried and lithified beneath the radiation pen- 
etration depth, possibly with organic molecules, would eventually be 
exhumed by erosion and exposed at the surface. During exhumation, 
organics would become subject to radiation damage as they entered 
the upper few meters below the rock-atmosphere interface. The time 
scale of erosion and exhumation, and thus the duration that any 
parcel of rock is subjected to ionizing radiation, can be determined 
by measuring cosmogenically produced noble gas isotopes that accu- 
mulate in the rock. *°Ar is produced by the capture of cosmogenic 
neutrons by Cl, whereas *He and *!Ne are produced by spallation 
reactions on the major rock-forming elements. Farley et al. show 
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that the sampled rocks were exposed on the order of ~80 million 
years ago, suggesting that preservation of any organics that accumu- 
lated in the primary environment was possible, although the signal 
might have been substantially reduced. 

Wind-induced saltation abrasion of the rocks in Yellowknife Bay 
appears to have been the mechanism responsible for erosion and exhu- 
mation of the ancient lake bed sampled by Curiosity. The geomorphic 
expression of this process is a series of rocky scarps that retreated in the 
downwind direction. Understanding this process leads to the predic- 
tion that rocks closest to the scarps were most recently exhumed and 
are thus most likely to preserve organics, all other factors being equal. 
In this manner, the MSL mission has evolved from initially seeking to 
understand the habitability of ancient Mars to developing predictive 
models for the taphonomy of martian organic matter. This parallels the 
previous decade, in which the MER mission turned the corner from a 
mission dedicated to detecting ancient aqueous environments to one 
devoted to understanding how to search for that subset of aqueous envi- 
ronments that may also have been habitable. 
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Opportunity has investigated in detail rocks on the rim of the Noachian 
age Endeavour crater, where orbital spectral reflectance signatures indicate 
the presence of Fe*?-rich smectites. The signatures are associated with fine- 
grained, layered rocks containing spherules of diagenetic or impact origin. 
The layered rocks are overlain by breccias, and both units are cut by calcium 
sulfate veins precipitated from fluids that circulated after the Endeavour 
impact. Compositional data for fractures in the layered rocks suggest forma- 
tion of Al-rich smectites by aqueous leaching. Evidence is thus preserved for 
water-rock interactions before and after the impact, with aqueous environ- 
ments of slightly acidic to circum-neutral pH that would have been more 
favorable for prebiotic chemistry and microorganisms than those recorded 
by younger sulfate-rich rocks at Meridiani Planum. 


>> Read the full article at http://dx.doi.org/10.1126/science.1248097 
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The Curiosity rover discovered fine-grained sedimentary rocks, which are 
inferred to represent an ancient lake and preserve evidence of an environ- 
ment that would have been suited to support a martian biosphere founded 
on chemolithoautotrophy. This aqueous environment was characterized by 
neutral pH, low salinity, and variable redox states of both iron and sulfur 
species. Carbon, hydrogen, oxygen, sulfur, nitrogen, and phosphorus were 
measured directly as key biogenic elements; by inference, phosphorus is 
assumed to have been available. The environment probably had a mini- 
mum duration of hundreds to tens of thousands of years. These results 
highlight the biological viability of fluvial-lacustrine environments in the 
post-Noachian history of Mars. 
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Sedimentary rocks at Yellowknife Bay (Gale crater) on Mars include mudstone 
sampled by the Curiosity rover. The samples, John Klein and Cumberland, 
contain detrital basaltic minerals, calcium sulfates, iron oxide or hydroxides, 
iron sulfides, amorphous material, and trioctahedral smectites. The John 
Klein smectite has basal spacing of ~10 angstroms, indicating little inter- 
layer hydration. The Cumberland smectite has basal spacing at both ~13.2 
and ~10 angstroms. The larger spacing suggests a partially chloritized inter- 
layer or interlayer magnesium or calcium facilitating H,O retention. Basaltic 
minerals in the mudstone are similar to those in nearby eolian deposits. How- 
ever, the mudstone has far less Fe-forsterite, possibly lost with formation of 
smectite plus magnetite. Late Noachian/Early Hesperian or younger age indi- 
cates that clay mineral formation on Mars extended beyond Noachian time. 
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Sedimentary rocks examined by the Curiosity rover at Yellowknife Bay, 
Mars, were derived from sources that evolved from an approximately aver- 
age martian crustal composition to one influenced by alkaline basalts. No 
evidence of chemical weathering is preserved, indicating arid, possibly cold, 
paleoclimates and rapid erosion and deposition. The absence of predicted 
geochemical variations indicates that magnetite and phyllosilicates formed 
by diagenesis under low-temperature, circumneutral pH, rock-dominated 
aqueous conditions. Analyses of diagenetic features (including concretions, 
raised ridges, and fractures) at high spatial resolution indicate that they 
are composed of iron- and halogen-rich components, magnesium-iron- 
chlorine-rich components, and hydrated calcium sulfates, respectively. 
Composition of a cross-cutting dike-like feature is consistent with sedimen- 
tary intrusion. The geochemistry of these sedimentary rocks provides further 
evidence for diverse depositional and diagenetic sedimentary environments 
during the early history of Mars. 


>> Read the full article at http://dx.doi.org/10.1126/science.1244734 
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H,0, CO,, $O,, O,, H,, H,S, HCl, chlorinated hydrocarbons, NO, and other 
trace gases were evolved during pyrolysis of two mudstone samples acquired 
by the Curiosity rover at Yellowknife Bay within Gale crater, Mars. H,O/OH- 
bearing phases included 2:1 phyllosilicate(s), bassanite, akaganeite, and 
amorphous materials. Thermal decomposition of carbonates and combus- 
tion of organic materials are candidate sources for the CO,. Concurrent evo- 
lution of O, and chlorinated hydrocarbons suggests the presence of oxychlo- 
rine phase(s). Sulfides are likely sources for sulfur-bearing species. Higher 
abundances of chlorinated hydrocarbons in the mudstone compared with 
Rocknest windblown materials previously analyzed by Curiosity suggest that 
indigenous martian or meteoritic organic carbon sources may be preserved 
in the mudstone; however, the carbon source for the chlorinated hydrocar- 
bons is not definitively of martian origin. 
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The Radiation Assessment Detector (RAD) on the Mars Science Laboratory's 
Curiosity rover began making detailed measurements of the cosmic ray and 
energetic particle radiation environment on the surface of Mars on 7 August 
2012. We report and discuss measurements of the absorbed dose and dose 
equivalent from galactic cosmic rays and solar energetic particles on the 
martian surface for ~300 days of observations during the current solar 
maximum. These measurements provide insight into the radiation hazards 
associated with a human mission to the surface of Mars and provide an 
anchor point with which to model the subsurface radiation environment, 
with implications for microbial survival times of any possible extant or past 
life, as well as for the preservation of potential organic biosignatures of the 
ancient martian environment. 
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We determined radiogenic and cosmogenic noble gases in a mudstone on 
the floor of Gale crater. A K-Ar age of 4.21 + 0.35 billion years represents a 
mixture of detrital and authigenic components and confirms the expected 
antiquity of rocks comprising the crater rim. Cosmic-ray—produced *He, 
21Ne, and >Ar yield concordant surface exposure ages of 78 + 30 million 
years. Surface exposure occurred mainly in the present geomorphic setting 
rather than during primary erosion and transport. Our observations are con- 
sistent with mudstone deposition shortly after the Gale impact or possibly in 
a later event of rapid erosion and deposition. The mudstone remained bur- 
ied until recent exposure by wind-driven scarp retreat. Sedimentary rocks 
exposed by this mechanism may thus offer the best potential for organic 
biomarker preservation against destruction by cosmic radiation. 


>> Read the full article at http://dx.doi.org/10.1126/science.1247166 
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The Curiosity rover discovered fine-grained sedimentary rocks, which are inferred to represent an 
ancient lake and preserve evidence of an environment that would have been suited to support a 
martian biosphere founded on chemolithoautotrophy. This aqueous environment was characterized 
by neutral pH, low salinity, and variable redox states of both iron and sulfur species. Carbon, 
hydrogen, oxygen, sulfur, nitrogen, and phosphorus were measured directly as key biogenic 
elements; by inference, phosphorus is assumed to have been available. The environment probably 
had a minimum duration of hundreds to tens of thousands of years. These results highlight the 
biological viability of fluvial-lacustrine environments in the post-Noachian history of Mars. 


is mostly written in stone. The first few 
billion years of Mars’ geologic history 
document surface environments considerably 
different than the surface today, prompting a 
succession of coordinated surface and orbiter 
missions over the past two decades aimed at 
ultimately determining if Mars ever had an early 
biosphere. Water is the essential ingredient for 
all life as we understand it; therefore, past mis- 
sions have sought environments in which water 
was abundant and possibly long-lived. How- 
ever, to create an environment that could have 
been habitable by microorganisms, the pres- 
ence of water alone is insufficient: A source of 
energy to fuel microbial metabolism is required, 
as are the elements carbon, hydrogen, sulfur, ni- 
trogen, and phosphorous (and a host of others at 
trace levels). The Mars Science Laboratory (MSL) 
rover Curiosity was designed and built to search 
for these materials and, thus, potentially delin- 
eate one or more habitable environments at the 
Gale crater landing site. We show here that Gale 
crater once contained an ancient lake that would 
have been well suited to support a martian bio- 
sphere founded on chemolithoautotrophy. 
Exploration for habitable environments is 
Curiosity’s core mission objective. Achieving 
this goal necessitates a challenging set of sci- 
ence measurements on just the right rocks to 
extend beyond the search for aqueous environ- 
ments. To enhance the probability of mission 
success, we adopted an exploration strategy that 


T: environmental history of early Mars 
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included well-defined secondary objectives in 
addition to exploring Gale’s central mountain, 
Aeolis Mons (informally known as Mt. Sharp), 
the mission’s primary science target. The selec- 
tion of the Gale crater field site, where Curiosity 
landed on 6 August 2012, 5:32 UTC, was based 
on the recognition that it retained records of 
multiple and diverse ancient aqueous environ- 
ments and thus enhanced the potential that one 
or more of those settings might have provided 
the combination of factors necessary to sustain a 
habitable environment (/). Another important fac- 
tor included mapping the landing ellipse ahead of 
landing so that no matter where the rover touched 
down, our first drive would take us in the direc- 
tion ofa science target deemed to have the greatest 
value, as weighed against longer-term objectives 
and the risk of mobility failure. 


Mapping and Geologic Framework 
for Exploration 


Gale crater is 154 km in diameter with a cen- 
tral mountain of stratified rock. Gale straddles 
the crustal dichotomy boundary, a topographic 
demarcation between heavily cratered uplands 
and sparsely cratered lowlands. In the vicin- 
ity of Gale, the dichotomy boundary is crossed 
by numerous incised valley networks sugges- 
tive of surface aqueous flows that discharged 
to the north across the lowlands (2). Gale’s stra- 
tigraphy, mineralogy, and landforms have been 
well studied from orbit (3—6). A broader context 
for understanding Mt. Sharp has been devel- 


oped (7), along with Gale’s relevance to MSL’s 
goals (/, 8). The primary mission objective is to 
examine the lower foothills of Mt. Sharp (Fig. 
1A), located outside of the landing ellipse, where 
hematitic and hydrated clay- and sulfate-bearing 
strata were detected from orbit (5, 9) and are 
accessible by the rover (/). 

The surface mission was planned in ad- 
vance (/) to take into account the drive dis- 
tance from anywhere in the landing ellipse up 
to and across the Mt. Sharp foothills, includ- 
ing time for sampling and analyses en route. 
The landing ellipse is located in the broad val- 
ley (Aeolis Palus) between the Gale crater rim 
and Mt. Sharp (Fig. 1A). Depending on where 
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Curiosity touched down, potential secondary sci- 
ence targets within the landing ellipse included 
the Peace Vallis alluvial (water-deposited) fan 
lobe; a high—thermal inertia terrain localized 
downslope from and adjacent to the fan; sev- 
eral fresh craters; and inverted stream channels. 
In the case of the current study, a secondary target 
near the landing site became a notable objective, 
with the decision (/0) made after landing to drive 
in the opposite direction of the Mt. Sharp entry 
point to sample stratified rocks of relatively high 


Fig. 1. Regional context 
maps. (A) Location of Bradbury 
landing site and Yellowknife 
Bay in relation to the topog- 
raphy and thermal inertia of 
the broad valley between 
Gale crater’s rim and Mt. Sharp. 
The white ellipse denotes the 
landing ellipse; the white 
line represents the intended 
drive route from Yellowknife 
Bay to the Mt. Sharp entry 
point at Murray Buttes. (B) A 
geological map was constructed 
based largely on HiRISE im- 
age data and was used to 
demarcate major terrain types 
for exploration by Curiosity. 
The MSL Science Team chose 
to drive the rover to Yellow- 
knife Bay where three terrains 
intersect in a triple junction. 
One of these terrains (BF) very 
closely coincides with higher 
values of thermal inertia, and 
it was also recognized that 
rocks at Yellowknife Bay are 
downslope of those forming 
the AF unit, suggesting a ge- 
netic link. The black ellipse is 
the landing ellipse; the white 
line represents the intended 
drive route from Yellowknife 
Bay to the Mt. Sharp entry 
point. The legend for sym- 
bols in (A) also applies to 
those in (B). 


+ Murray Buttes 
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thermal inertia exposed at Yellowknife Bay (//) 
(Figs. 1A and 2A). 

Geologic mapping (/2), building on earlier 
efforts (4), proved critically important to se- 
lecting the postlanding drive direction and sci- 
ence targets. This work provided the broader 
context in which to understand the strata drilled 
by Curiosity in Yellowknife Bay. The MSL team— 
generated map (Fig. 1B) reveals six units (/3) 
that are distinguished based on variations in 
thermal inertia; textural attributes such as the 


137.23° 


presence of scarps and lineations consistent with 
bedding; surface roughness based on shadow- 
ing; apparent relative albedo; and patterns of 
albedo variation such as those indicating frac- 
tures, bedding, or mottling. These units include 
the Peace Vallis alluvial fan (AF); an immediate- 
ly adjacent and downslope light-toned, bedded, 
fractured unit (BF); surfaces with relatively high 
crater densities (CS); tonally smooth but hum- 
mocky plains (HP); light-toned topographically 
variable or rugged terrain (RT); and light-toned 
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striated rocks (SR). By sol 440 (where 1 sol is 
a martian day), the RT and SR units had not 
been examined by Curiosity and are not dis- 
cussed further. Both are considered as expo- 
sures of bedrock based on textures and higher 
thermal inertia values. The CS unit was inspected 
only from a distance during the traverses to and 
from Yellowknife Bay and probably reflects 
lateral equivalents of bedrock studied by Cu- 
riosity, discussed further below. 

The HP unit is exposed in the vicinity of 
Bradbury Landing (/4) and has lower values 
of thermal inertia. It is composed dominantly of 
loose materials, including clasts interpreted to be 
impact ejecta, but also displays erosional rem- 
nants of underlying bedrock. Analyzed clasts 
have basaltic, alkalic (K- and Na-rich) compo- 
sitions (75), and some clasts and soils contain 
crystals of probable feldspar (/6). Windows 
through this material in the vicinity of Bradbury 
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Descent 
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Landing, including the excavation zones produced 
by Curiosity’s descent rockets, expose pebble 
conglomerate bedrock of fluvial (stream-related) 
origin (/7). 

The AF and BF units are important because 
of their intimate spatial association and possi- 
ble relation to rocks exposed at Yellowknife 
Bay. The AF unit is defined by the Peace Vallis 
fan, which extends from the northwest rim of 
Gale crater (Fig. 1B); it may be the youngest 
component of a much more extensive alluvial 
plain that flanks the crater wall (4). The Peace 
Vallis fan probably formed by routing of eroded 
crater rim—derived rock fragments and any ma- 
terials that accumulated there after crater forma- 
tion, through Peace Vallis followed by downstream 
spreading and deceleration of flows and depo- 
sition of sediments in the downslope direction. 
The upslope part of the AF unit is marked by 
smooth mottled surfaces punctuated by slope- 
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Fig. 2. Local context maps. (A) HiRISE image (PSP_010573_1755) of Bradbury Landing showing 
Curiosity's position after landing and the path of eventual traverse to Yellowknife Bay, where the John Klein 
and Cumberland holes were drilled. The area of this image is approximated by the circle and square 
symbols in Fig. 1B. Yellowknife Bay derives its name from Yellowknife crater, which is located within 
the broad expanse of the BF map unit. The BF unit probably represents the Yellowknife Bay formation 
at more regional scales. Cross section (A to A’) shows topography from Bradbury Landing to Yellowknife 
Bay. (B) The inset shows a detailed geological map of the southwest part of Yellowknife Bay. Three maps 
units (HP, CS, BF) intersect just south of the Shaler outcrop. The BF map unit is subdivided into three 
members (see text). Key outcrops are shown that provided information leading to the development of a 
stratigraphy shown in Fig. 4. Note that the contact between Sheepbed member and Gillespie Lake 
member erodes to form a topographic step that is visible from orbit and can be traced for hundreds of 
meters around Yellowknife Bay. Therefore, it seems likely that much of the Yellowknife Bay topographic 
depression was created by eolian erosion of the Sheepbed mudstone member (see text). See Fig. 4 for 
mapped stratigraphic units. Locations of Rocknest (scoop location and rocky outcrops) and John Klein and 


Cumberland (drill) sampling locations are shown. 
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aligned linear ridges with a relief of 0.5 to 2.5 m 
interpreted as inverted stream channels. Down- 
slope, this unit passes into the widespread BF 
unit that continues all the way to Yellowknife 
Bay, where it is coincident with the stratified 
bedrock exposed there and the terrain that marks 
the floor of the “bay” (/8) itself: Although map 
relations suggest that the BF unit represents distal 
fan facies (rock types), these relations do not re- 
quire that the Yellowknife Bay BF exposures 
be contemporaneous with the Peace Vallis lobe 
of the alluvial plain; they could represent an 
older component of the alluvial plain, separated 
from the youngest activity by an unconformity 
(see below). Nevertheless, the close spatial asso- 
ciation implies a genetic link, with the BF unit 
having formed in a probably distal alluvial or 
even lacustrine (lake-related) setting, consistent 
with earlier mapping (4). 

Geologic units in the interior of Gale crater 
display a range of relative ages and preserve 
a substantial record of geologic activity since 
the crater formed close to the Noachian—Early 
Hesperian boundary ~3.7 billion years ago (6). 
The oldest units are probably of Early Hesperian 
age and likely include the bulk of the alluvial 
plain that extends downslope of the crater rim. 
The Peace Vallis alluvial lobe (map unit AF) ap- 
pears to represent the latest stage of transport 
and deposition on the alluvial plain. 

Our mapping shows that strata exposed at 
Yellowknife Bay are probably fan, distal fan, or 
downslope equivalents such as lacustrine depos- 
its. Despite the ambiguity in the relative age of 
these strata, the fluvial-lacustrine depositional con- 
text remains intact, and this is what motivated 
the MSL Science Team to explore these rocks. 


Stratigraphy and Sedimentology 
of Yellowknife Bay Rocks 


Bradbury Landing occurs near the crest of a 
broad topographic high, several kilometers in 
width, informally called Bradbury Rise. To the 
north and east, the rise descends to rocks of the 
BF unit. After landing, the team-consensus de- 
cision was to traverse eastward and downhill 
to the HP-BF contact, as close as possible to 
the triple junction where the CS unit also inter- 
sects (Fig. 1B). Between Bradbury Landing and 
Yellowknife Bay, Curiosity crossed a straight- 
line distance of 445 m and descended 18 m in 
elevation. Most of this distance was spent tra- 
versing the clast-strewn HP unit, with its occa- 
sional outcrops of pebble conglomerate facies. 
Beginning at the Bathurst Inlet outcrop, a suc- 
cession of strata was encountered with good 
exposure down to the floor of Yellowknife Bay 
(Fig. 2A). In ascending order, these strata are 
informally named the Sheepbed (>1.5 m thick), 
Gillespie Lake (~2.0 m thick), and Glenelg mem- 
bers (~1.7 m thick); the assemblage of members is 
known as the Yellowknife Bay formation, and the 
exposed section is ~5.2 m thick. (Fig. 3 and table 
S1). Strata are largely decimeter-scale in thick- 
ness and comprise a heterogeneous assemblage 
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of mostly detrital sedimentary rocks of basaltic 
bulk composition. Breaks in outcrop continuity 
due to accumulated loose materials on the slope 
(Fig. 3) introduce a degree of uncertainty in under- 
standing lateral extent of bedding; the lowest strat- 
igraphic members (Sheepbed and Gillespie Lake) 
are best exposed around the perimeter of Yellowknife 
Bay (Fig. 2B). The Glenelg member contains a 
diverse suite of facies formed of beds with de- 
monstrably less lateral continuity, although most 
beds can be traced for at least tens of meters. 

The basal Sheepbed and Gillespie Lake mem- 
bers are characterized (/9) by elemental com- 
positions broadly consistent with a provenance 
that, on average, is similar to typical martian 
upper crust (20). In addition, these rocks carry 
the signal of higher thermal inertia as seen from 
orbit. Subtle geochemical variations within and 
between these units mostly reflect minor varia- 
tions in provenance. A marked change in com- 
position, best reflected by a sharp increase in 
K,0 contents and K,0/A1,03 ratios (Fig. 4), 
takes place higher in the section in the Glenelg 
member (Bathurst Inlet outcrop), suggesting a fun- 
damental change in the provenance to one dom- 
inated by more alkaline igneous rocks (/6, 2/). 
This change could result from either propaga- 
tion of the fluvial system headwaters into an 
area with more alkaline igneous rocks or a shift 
to more locally derived volcanic debris, such as 
reworked volcanic rocks or ash deposits (2/). 
Major element compositions do not indicate sub- 
stantial chemical weathering in the sediment 
source area, which implicates a frigid or arid 
climate, a high-relief source area undergoing 
rapid erosion, or a combination of these fac- 
tors (19, 21). 
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~ 
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Fig. 3. Mastcam mosaic of Yellowknife Bay formation. View from the 
base of the exposed section up through Sheepbed, Gillespie Lake, and basal 
Glenelg members. Locations of drill holes and APXS measurements are shown. 
High density of APXS measurements between Snake River and Ungava targets 
delineates the route of the Selwyn reference section. Note the “snake” feature 
cutting up through the section and terminating in a small anticline. White dots 
represent combined APXS, MAHLI, and ChemCam measurements; gray dots 
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In general, the Yellowknife Bay formation 
(Fig. 4) is composed of fine-, medium-, and 
coarse-grained sandstones of basaltic compo- 
sition. The Shaler outcrop (~125 cm thick) consists 
of a heterogeneous assemblage of interstratified 
platy coarser-grained beds comprising sand- 
stones and likely pebbly units, separated by 
recessive, probably finer-grained intervals. Coarser- 
grained intervals are characterized by distinct 
decimeter-scale trough cross-bedding (Fig. 5A). 
Recessive intervals are marked by downward- 
tapering cracks that terminate upward at bedding 
planes and are probably filled with sediment from 
the overlying bed. The rock termed “Rocknest-3” 
is very fine-grained, finely laminated sandstone 
or siltstone with shrinkage cracks (Fig. 5B). 
Volcanic or impact-related base-surge deposi- 
tion is excluded by the abundance of decimeter- 
scale and compound cross-bedding, the absence 
of stoss-side cross-stratification with preservation 
only of bedform toesets, and variable cross-bed 
dip directions. Furthermore, there are hierarchi- 
cal scales of cross-stratification at the Shaler 
outcrop, indicating migration of superimposed 
bedforms of different scales. These attributes are 
most consistent with a former fluvial environ- 
ment characterized by bedload and suspended 
load transport and variable, but net southeast 
flow directions. However, some eolian bedload 
transport is suggested by intercalated beds with 
pinstripe lamination. Most paleocurrent data are 
restricted to 90° of variability (fig. S1); however, 
some scatter to almost 180°, which is consistent 
with migration of three-dimensional (3D) super- 
imposed bedforms (22). The inferred sediment 
transport direction suggests derivation of sedi- 
ments from the direction of the Gale crater rim. 


A fluvial interpretation is further supported by 
the tapered, likely sediment-filled cracks that 
are most easily accounted for by desiccation- 
induced shrinkage of finer-grained interbeds. 
These interbeds could represent either fluvial 
overbank deposits, slack water deposits in the 
troughs between bedform crests, or intercalated 
tongues of proximal lacustrine facies. 

The Point Lake outcrop (~50 cm thick) is 
noteworthy for its pervasive centimeter-scale 
voids (Fig. 5C). These voids could possibly point 
to a volcanic origin, specifically a vesicular lava 
flow (23). Alternatively, it is possible that this 
facies also represents a pebbly debris flow or 
gas-charged intrusive sedimentary sill (24, 25). 
Scattered blebs of light-toned material were eval- 
uated as calcium sulfate by ChemCam (/9) and 
appear to fill voids and narrow fractures. Thus, 
it is possible that the rock could be a sandstone 
with leached nodular evaporites (26). 

The Sheepbed and stratigraphically overly- 
ing Gillespie Lake members (Figs. 3 and 4) 
make up the exposed base of the Yellowknife 
Bay formation, and their contact has eroded to 
form a decimeter-scale distinctive topographic 
step observable in High Resolution Imaging 
Science Experiment (HiRISE) orbiter image 
data (Fig. 2A). The Gillespie Lake member con- 
sists of amalgamated, sheetlike sandstones. Bed- 
ding generally has a massive appearance, though 
poorly defined cross-bedding is present. The basal 
bed of the Gillespie Lake member is formed of 
poorly sorted, angular to moderately well-rounded, 
medium to very coarse sand of bulk basaltic 
composition (Fig. 5D). Some of the largest grains 
have translucent luster. Very little residual po- 
rosity between grains is evident, which suggests 
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denote ChemCam or MAHLI only. Both scale bars are 50 cm long with 10-cm- 
spaced white and black sections. The lower scale bar is ~8 m away from Cu- 
riosity; the upper scale bar is ~30 m away. The 111-image mosaic was acquired 
on sol 137, by M-34 sequence 818. This figure shows only a small portion of 
the full mosaic. The foothills of Mt. Sharp are visible in the distance, upper 
left, southwest of camera position. For mosaic image identification numbers 
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a high degree of cementation; what porosity does 
exist appears as sparse, millimeter-scale irregular 
vugs (void spaces). This basal bed has a sharp, 
erosional base that shows centimeter-scale scour- 
ing into the underlying Sheepbed member mud- 
stones and appears to show lateral variation in 
its thickness. The poor sorting, massive bedding, 
and variability of grain shape in the Gillespie 
Lake sandstones are most consistent with fluvial 
transport and deposition. The sheetlike geometry 
of the beds, extending over hundreds of meters, 
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and the absence of well-developed channel bodies 
may indicate deposition as distal fan lobes, as 
documented in examples from ancient alluvial 
fans on Earth (27). 

The pebble conglomerate outcrops distributed 
across the HP map unit have an uncertain strati- 
graphic relation with respect to the Yellowknife 
Bay formation. On one hand, the conglomerate 
exposures occur at a topographically high level 
above flat-lying rocks of the Yellowknife Bay 
formation; the simplest interpretation would in- 
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voke superposition and, therefore, a younger age 
for the conglomerate than the Yellowknife Bay 
formation. However, regional mapping allows 
for, but does not require, an alternative possi- 
bility in which flat-lying Yellowknife Bay rocks 
unconformably onlap older rocks that underlie 
the HP map unit; in this interpretation, the con- 
glomerate is relatively older. Unfortunately, out- 
crop between Yellowknife Bay rocks and the 
nearest conglomerate is very poor, and it is not 
possible to observe a contact. Therefore, both 
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Fig. 4. Stratigraphy of the Yellowknife Bay formation plotted with ele- 
mental and oxide ratios measured by the Curiosity APXS instrument. The 
Yellowknife Bay section was split into three members distinguished by lith- 
ological properties (facies, textures), chemical composition, and attributes 
observed from orbit by HiRISE. The stratigraphic column highlights differ- 
ences in grain size between the Yellowknife Bay members and the presence 
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Average Cr/Ni of Mars crust* 


*from Taylor and McLennan (2009) 


of stratification styles; primary textures; and diagenetic textures including 
nodules, hollow nodules, raised ridges, sulfate-filled fractures, and vugs. 
APXS analyses are plotted as ratios to highlight compositional trends through- 
out the Yellowknife Bay formation. Average Mars crustal composition for each 
ratio (colored vertical lines) (20) is plotted for comparison to Curiosity APXS 
measurements. 
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options are feasible, but in either case, these 
rocks all belong to the same genetically related 
suite of fluvial-lacustrine sediments derived from 
the crater rim. 


Sheepbed Mudstone Member 


At a minimum, the Sheepbed member extends 
laterally across the width of the outcrop belt 
traversed by the rover: ~60 m. The Sheepbed 
member closely coincides with the BF map unit 
and from orbit is highlighted by its light tone 
and extensive meter- to decameter-scale fracture 
network. Tracing of the distinctive erosional pro- 


Fig. 5. Sedimentary rocks 
of the Yellowknife Bay 
formation. (A) Shaler 
outcrop shows a variety 
of facies, including com- 
pound cross-bedding. The 
image was white-balanced 
and acquired by Mastcam- 
100 on sol 120. Image ID 
is 0120MRO0075201302- 
00690E01_DXXX. (B) The 
Rocknest-3 rock, which rep- 
resents the middle part of 
the Glenelg member, is fine- 
grained with planar lam- 
ination, shrinkage cracks, 
and millimeter-scale voids 
(well developed in the lower 
third section of the rock). 
This image is a subset of a 
mosaic of images that were 
white-balanced and acquired 
with Mastcam-100 on sol 
59. Image IDs, as part of 
SEQID mcam00270, are 
0059MRO0027000001031- 
41501 DXXX, O0059MRO00- 
2700010103142E01 DXxXX, 
0059MR00027000201031- 
43E02_DXXX, and 0OS9MR- 
0002700030103144E01_ 
DXXX. (C) Vuggy, medium- 
grained texture in the Point 
Lake outcrop (“Measles Point” 
target), middle of the Point 
Lake member. Note the thin 
fractures filled with light- 
toned material, interpreted 
as sulfate. ChemCam data 
show that white blebs, such 
as the one in the center, 
are composed of calcium 


file of the Sheepbed-Gillespie Lake contact shows 
that the Sheepbed member probably extends 
around the full width of Yellowknife Bay and 
covers a minimum area of ~4 km?. However, we 
presume the Sheepbed member extends beneath 
the overlying rocks of the Gillepsie Lake mem- 
ber; therefore, these are highly conservative mini- 
mum estimates. A reference section localized near 
the Selwyn target (Fig. 3) yields a thickness of 
1.5 m for the member. This is a minimum thick- 
ness because its base is not exposed. 

A detailed traverse (Selwyn reference sec- 
tion) using Mastcam, ChemCam, Alpha Particle 


X-ray Spectrometer (APXS), and Mars Hand 
Lens Imager (MAHLI) measurements was con- 
ducted across the Sheepbed member for the 
purpose of providing context for the first sam- 
ples obtained by drilling (Figs. 3 and 4). Ob- 
servations revealed a patchy distribution of 
diagenetic (postdepositional) features, includ- 
ing nodules and veins, as discussed below. Min- 
eralogic data show that the Sheepbed member 
has a substantial quantity of saponitic smectite 
clay minerals (~20%), probably formed by aque- 
ous alteration of olivine (28). Geochemical re- 
sults (19) show that both Sheepbed and Gillespie 


sulfate. This focus merge product was acquired by MAHLI on sol 303, ID 
0303MH0002900000103786R00. (D) Medium- to coarse-grained sandstone 
at the Gillespie Lake outcrop (see Fig. 2B), basal bed of the Gillespie Lake 
member. This bed is composed of poorly sorted, moderately well-rounded, 
dark to light grains, some of which have glassy luster (lower left arrow). A 
small amount of vuggy porosity is evident (upper right arrow), but otherwise 
the rock appears well cemented. The image was acquired by MAHLI on sol 
132, ID 0132MH0001580010101221E01. (E) Mudstone in Sheepbed mem- 
ber, “Wernecke target” (see Fig. 3). The rock has been brushed, revealing 
homogeneous, fine-grained texture. Outlines of nodules (black arrow), void 
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spaces (gray arrow), and sulfate-filled voids can be seen, and only those 
voids connected by hairline fractures (white arrow) have been filled 
with sulfates. Note the surface scoring by brush bristles, indicating 
softness of mudstone. The image was acquired by MAHLI on sol 169, ID 
0169MH0002080020102218C00. (F) John Klein drill hole (see Fig. 3) 
reveals gray-colored cuttings, rock powder, and interior wall. Note the 
homogeneous, fine grain size of mudstone and the irregular network of 
sulfate-filled hairline fractures. An array of eight ChamCam shot points 
can be seen. The diameter of the hole is 1.6 cm. The image was acquired 
by MAHLI on sol 270, ID 0270MH0002540050102794C00. 
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sediments were derived from a provenance with 
a composition similar to average martian crust and 
that experienced negligible chemical weathering 
before deposition at Yellowknife Bay. Relatively 
subtle differences exist between the lower and 
upper parts of the Sheepbed, such that the top 
exhibits higher Al,O;/TiO2 and Ni, consistent 
with a slight provenance change. A further change 
in trace elements (higher Cr, lower Ni and Ge), 
which occurs across the Sheepbed-Gillespie Lake 
contact, could result from either provenance dif- 
ferences or mineral sorting (e.g., chromite) associated 
with grain-size differences. Both APXS mea- 
surements and high-spatial resolution ChemCam 
targeted analyses provide evidence that crosscut- 
ting veins and fractures are composed of Ca- 
sulfate (see below). 

The highest-resolution MAHLI images were 
acquired on sol 150 (Ekwir) and sol 169 (Wernecke) 
after brushing of the outcrop (Fig. 5E). These 
images reveal a very fine grain size based on the 
outlines of darker grains, and nearly all discern- 
ible grains are finer than 50 um. By definition, a 
mudstone is a fine-grained sedimentary rock 
composed of 50% or more particles smaller than 
62 um (29). Although we cannot directly resolve 
and observe these <50-um grains, we do know 
that ~20% are clays. It seems likely that the entire 
Sheepbed member is finer than most facies ob- 
served by Curiosity during the traverse down to 
Yellowknife Bay. Drilling of the outcrop produces 
gray powder and cuttings that are substantially 
different in color from the modern surface (Fig. 
5F). Inspection of the drill hole reveals a gray 
rock that is fine-grained and homogeneous in 
texture, with the exception of light-toned frac- 
tures filled with minerals. 

Independent evidence for the fine grain size 
of the Sheepbed mudstone comes from infer- 
ences of the physical responses of brushing and 
measurements made during drilling. The rotary 
motion of bristles during brushing substantially 
scored the surface of the outcrop in a fashion 
that shows deflections (Fig. 5E) around appar- 
ently harder, embedded dark nodules, suggesting 
that the mudstone matrix is softer. Comparison 
with terrestrial analog data suggests weak to me- 
dium hardness for the mudstone (30). Additional 
estimates of rock hardness are provided by com- 
parison of rover engineering testbed data derived 
from terrestrial analogs with drill hardness data 
from the Sheepbed member (3/). These data sets 
suggest that the Sheepbed rock is comparable to 
fluvial-to-lacustrine siltstones and mudstones 
collected from the ~10-million-year-old Ridge 
Basin of southern California (buried to depths of 
several kilometers) but not as hard as feldspathic 
sandstones derived from the same basin or as 
soft as pure commercially available kaolinite. 

Sheepbed mudstones contain a few very thin 
intercalated beds that resist erosion (Fig. 4). 
These interbeds have not been studied in detail, 
but Mastcam data show them to be | to 2 cm 
thick and with substantial lateral continuity, as 
some can be traced for more than 100 m. Over- 
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all, the primary texture and grain size has a very 
uniform, massive appearance; it is well known, 
however, that lamination can be difficult to de- 
tect in many mudstones (29). 

The very fine grain size, its apparently uni- 
form distribution through the member, and the 
substantial lateral extent of centimeter-scale in- 
terbeds are all consistent with deposition of the 
primary grains due to settling from suspension, 
either from the atmosphere or a water column. 
The former might involve volcanic ash, eolian 
dust, or very distal impact fallout. Because the 
composition of the Sheepbed mudstone is ba- 
saltic and we cannot ascertain the very finest 
grain sizes, it is hard to discount an airfall ori- 
gin. However, mapping relations, regional con- 
text, and local sedimentologic constraints all 
point to a distal alluvial fan or proximal lacus- 
trine setting. In this setting, sediment-laden fluvial 
flows can deposit extensive fine-grained depos- 
its, either as overbank flood deposits or at their 
downstream termination where they enter a body 
of standing water, such as a lake. Here, the de- 
crease in flow turbulence as flows thin overbank 
and spread when leaving a channel, or encounter 
the still water of a lake, leads to deposition of 
suspended fines. We favor the lake interpretation 
because of the lateral extent and thickness of the 
Sheepbed member, the absence of fluvial chan- 
nel bodies laterally adjacent to mudstone beds, 
and the fact that the mudstone underlies the 
Gillespie Lake member fluvial sheet sandstones 
over a large areal extent. Given our limited ob- 
servations, it is difficult to exclude the hypoth- 
esis that this lake may have been seasonally dry 
(playa), or whether it responded to longer-term 
wet-dry climatic fluctuations. However, the com- 
positional data favoring low salinity for the lake 
waters (/9) and specific diagenetic textures 
discussed below (cement-filled synaeresis cracks, 
rather than sediment desiccation cracks) suggest 
that it was perennially wet for the stratigraphic 
interval we examined. 

Strata dominated by fluvial sediments that 
predate the advent of terrestrial vegetation on 
Earth are generally devoid of fines, except as 
occasional mud drapes that are preserved be- 
tween sets of cross-stratified dune or bar depos- 
its (32, 33). Sweeping of very broad and shallow 
channels that produce sheet flood deposits result 
in reworking of thin floodplain deposits that 
tend to not be preserved in the stratigraphic 
record. In addition, eolian reworking between 
flow events, in the absence of terrestrial vegeta- 
tion to anchor fines, is also regarded as an ef- 
ficient mechanism to sweep fines away from 
sites of deposition. Thus, a shallow lacustrine 
environment, which sequesters fine sediments 
over long time scales, is considered to be the 
most likely interpretation for the Sheepbed 
mudstone. 

The grain size and composition may be in- 
consistent with typical Mars dust, which is even 
finer in grain size and characterized by SO; 
contents approaching 7% (20, 34), rather than 
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the Sheepbed mudstone, which is closer to 1% 
SO; (/9). Although it seems conceptually pos- 
sible to deposit relatively thick intervals of dust 
(35, 36), this might not be expected on an al- 
luvial fan that is intermittently active enough to 
result in the substantial amounts of coarser-grained 
sediment accumulation seen in the Yellowknife 
Bay formation. Furthermore, estimates of dust 
accumulation rates are very low [on the order 
of 10 cm per million years (37)], as compared 
with fluvial or even lacustrine sediment accu- 
mulation rates, which are orders of magnitude 
higher (38). 

Sheepbed compositions likely discount an 
origin as pure volcanic ash. Apart from variation 
imposed by sulfate-rich diagenetic features, the 
Sheepbed is geochemically uniform with an ad- 
justed volatile-free composition close to aver- 
age martian crust (/9). Individual volcanic ash 
eruptions might be expected to display some 
variation in composition, and it would be co- 
incidental for individual eruptions to all have 
a composition essentially the same as the av- 
erage crust. If the >1.5-m-thick Sheepbed mem- 
ber represented a single eruption, this would 
require a local source that is not observed in the 
vicinity of Gale crater [probably within a few 
tens of kilometers for 1 m of thickness (39)]. 


Diagenesis of the Sheepbed Mudstone 


A diverse set of diagenetic features that postdate 
deposition is observed in the Sheepbed mudstone 
member. Early diagenetic features include nod- 
ules, hollow nodules, and raised ridges (Figs. 6, A 
to C). These features are crosscut by later frac- 
tures, filled with light-toned cements (Fig. 6D) 
shown to be variably hydrated sulfate minerals 
based on ChemCam, APXS, Mastcam, and Chem- 
istry and Mineralogy instrument (CheMin) data. 
Additionally, a dike-like feature known as the 
“snake” obliquely crosscuts the Sheepbed—-Gillespie 
Lake contact and extends for several meters (Fig. 3). 

Concentrations of nodules and hollow nod- 
ules have patchy distributions and pass laterally 
(Fig. 7) into mudstones that have raised ridges. 
Nodules are expressed as millimeter-scale pro- 
trusions of the outcrop with 3D differential relief 
suggesting crudely spherical geometry (Fig. 
6A). The mean diameter of 4501 nodules is 
1.2 mm, with minimum and maximum diame- 
ters of 0.4 and 8.2 mm, respectively. Brushing 
shows that nodules are more resistant to brush- 
induced etching and, thus, harder than the sur- 
rounding mudstone (Fig. 5E). Mastcam, MAHLI, 
and ChemCam Remote Micro-Imager (RMI) 
data show that nodules are dispersed from one 
another, cluster in patches (Fig. 7), do not form 
their own beds, and show no evidence of size 
grading, despite a broad range in diameters. These 
constraints suggest that the nodules are of con- 
cretionary origin rather than volcanic or impact 
lapilli (40, 47). Furthermore, no associated out- 
sized clasts that might be interpreted as potential 
bombs, or any breccias, are observed. Compar- 
ison of John Klein (fewer nodules and hollow 
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nodules) and Cumberland (more nodules and 
hollow nodules) compositional data indicates 
that nodule and hollow-nodule rim growth may 
have involved iron-bearing compounds such as the 
mineral akaganeite or even clay minerals (9, 28). 

Hollow nodules are millimeter-scale circular rims 
with hollow centers (Fig. 6B). Three-dimensional 
exposures sometimes reveal pedestal-like struc- 
tures with a circular rim surrounding a hollow, 
bowl-like depression. The outcrop therefore has 
a locally pitted appearance, suggesting erosional 
exposure of approximately spherical voids that had 
resistant rims, similar to the nodules. Resistance 
to weathering by the rims of the hollow nodules is 
indicated by the presence of lineations and “wind 
tails” carved into the outcrop, presumably by 
eolian saltation abrasion. Development of pedes- 
tals likely records lowering of the outcrop surface 
by prolonged eolian abrasion. Mastcam, MAHLI, 
and ChemCam RMI data show that hollow nod- 


Fig. 6. Diagenetic fea- 
tures of the Sheepbed 
member. (A) The Sheep- 
bed target shows that 
millimeter-scale nodules, 
interpreted as concretions, 
are locally abundant. Note 
their dispersed distribu- 
tion. The outcrop is crosscut 
by sulfate-filled fractures. 
This image is a subset 
of a mosaic acquired by 
Mastcam34 on sol 192. 
Image IDs are 0192ML- 
0010170240105705E01_ 
DXXX and 0192ML00101- 
70070105688E01_DXXxX. 
The image has been white- 
balanced. (B) Hollow nod- 
ules at the Bonnett Plume 
target (see Fig. 3) are de- 
fined by circular cross- 
sections through voids 
with raised rims (white ar- 
row). Voids are filled with 
sulfate minerals where in- 
tersected by hairline frac- 
tures (black arrow) but are 
otherwise unfilled. The im- 
age was white-balanced 
and acquired by Mastcam- 
100 on sol 159. Image ID 
is 0159MRO008640050- 
201360E01_DXXxX. (C) 
Raised ridges near the 
McGrath target have spindle- 
shaped terminations (see 
Fig. 3). Note the broadly 


varying strikes with dips ranging from vertical to 45°. Ridges most commonly 
have parallel sides, but they also have one or two additional infilling bands. All 
contour the local topography of the fracture margin and are interpreted as 
infilling cements. The image was white-balanced and acquired by Mastcam-100 
on sol 164. Image ID is 0164MRO008850000201589E01_DXXxX. (D) Sulfate- 
filled fractures at the Sheepbed target (see Fig. 3) are consistent with brittle 
deformation of lithified mudstone, followed by precipitation of sulfate from 
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ules are similar in size to nodules with mean 
diameters of 1.2 mm, as well as minimum and 
maximum diameters of 0.6 and 5.6 mm, respec- 
tively (n = 1248 hollow nodules). We note that 
the upper size limit of hollow nodules is consid- 
erably smaller than that for nodules. The interior 
mean diameter of the void space defining the hol- 
low is 0.7 mm (n = 45). 

Hollow nodules are regarded as void spaces 
preserved within the Sheepbed mudstone. How- 
ever, the hollow nodules are distinctly different 
from millimeter-scale diagenetic vugs, such as 
in the Gillespie Lake member or Burns forma- 
tion of Meridiani Planum (40), in that the hol- 
low nodules are associated with a ubiquitous 
circumscribed rim. Spherical voids of this type 
have not been observed previously on Mars and 
perhaps relate to their ability to be preserved— 
in this case, within fine mudstone sediments. Two 
options are possible to explain the void space, 


which creates the hollow observed in outcrop: In 
the first hypothesis, the void space would repre- 
sent a vanished mineral, whose higher solubility 
allowed easy dissolution during subsequent dia- 
genetic fluid percolation events. Such minerals 
might have grown displacively in the sediment 
[for example, in evaporites (26)], thereby elimi- 
nating the need for the void to have been primary. 
However, no examples of filled hollow nodules 
were observed, with one very specific exception: 
Where hairline fractures filled with light-toned 
sulfate minerals intersect hollow nodules, the hol- 
low nodules also are filled with sulfates. Other- 
wise, hollow nodules are devoid of any remnant 
of an earlier mineral. The sulfate-filled fractures 
represent a later phase of diagenesis (see below), 
and therefore, the sulfate minerals are not con- 
sidered part of the primary environment. 

This allows for a second hypothesis in which 
the hollow nodules represent primary voids, 
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mineralizing fluids. Note the abundant millimeter-scale nodules. The frac- 
ture fills are mostly flush with the bedrock surface, which contrasts with the 
nodules that weather in relief. This image is a ChemCam RMI mosaic that has 
been pan-sharpened using white-balanced Mastcam-100 color data. Images 
used in this composite are CRO_408676341EDR_F0051398CCAM01126M1, 
CRO_408675268EDR_F0051398CCAM01126M1, and Mastcam-100 ID 
0126MRO0007800000200786E01_DXXX. 
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such as gas bubbles formed during or soon after 
deposition. Several mechanisms could gener- 
ate gas during or after sedimentation, including 
diagenetic dissolution and precipitation reactions 
that might produce gas as a by-product. These 
might include hydrogen gas produced during 
authigenic clay mineral formation via olivine 
“saponitization” (28); ultraviolet (UV) photo- 
oxidation of reduced minerals, such as siderite, 
to produce authigenic iron oxide (e.g., magnetite) 
and hydrogen gas (42); pressure-induced release 
of dissolved gas from sedimentary pore fluids; 
and processes that reflect distinct Mars environ- 
ments, such as boiling of water in the presence 
of critically low atmospheric water vapor pres- 
sure. Data are insufficient to distinguish among 
these possibilities. However, the last of these 
can be discounted by the presence of thin inter- 
beds within the Sheepbed mudstone, which sug- 
gests that wholesale churning of the mudstone 
did not occur. A final possibility considers the 
potential role of microbes, if life had ever evolved 


Fig. 7. Map of diagenet- 
ic features showing spa- 
tial relations between 
fabric elements. The rock 
surface coincides with a 
bedding plane. Note that 
nodules and hollow nod- 
ules pass laterally into raised 
ridges, suggesting varia- 
tions in lithologic or dia- 
genetic fluid properties 
(see text). (A) A subset of 
the Mastcam-100 work- 
space mosaic acquired by 
the Curiosity on sol 164. 
This perspective mosaic is 
white-balanced and was 
used as a base map. (B) 
The sol 164 workspace mo- 
saic annotated to show 
the distribution of early 
diagenetic features (nod- 
ules, hollow nodules, raised 
ridges) and later diage- 
netic features (thick to thin 
sulfate-filled fractures). 
Erosion-resistant raised ridges 
were outlined individually 
and generally exhibit par- 
allel sets of isopachous 
linings. Thin (<5 mm in 
width) sulfate veins have 
relatively constant thick- 
ness, whereas thicker sulfate 
veins have more variable 
thickness. Both sets of veins 
crosscut other diagenetic 
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on Mars. Terrestrial sediments are pervaded by 
microbes, which produce a variety of gases that 
become trapped as bubbles where lithification is 
early and rapid (43). However, it should be clear 
enough that this mechanism can only be in- 
voked as a serious possibility after all other abiotic 
hypotheses have been discounted. This is not the 
case for our current data set, and we include this 
only for the sake of completeness. 

Raised ridges (44) are narrow, curvilinear 
ridges that weather in raised relief, and, as men- 
tioned above, they substitute laterally for nod- 
ules and hollow nodules (Fig. 7). The raised 
ridges are restricted to the Sheepbed mudstone, 
but one poorly constrained example was noted 
at a higher stratigraphic level (observed only 
from a distance; exact stratigraphic position and 
facies are uncertain). Measurement of 1619 raised 
ridges in the Sheepbed suggests that they extend 
at least several centimeters in length and have a 
mean width of 2.7 mm, with maximum widths 
of up to 5.8 mm. Raised ridges have spindle- 


aes 


features. Hollow nodules are circular festliees (~1 mm in diameter) that stand out in raised relief from 
the outcrop surface and are distinguished from nodules by the presence of a small depression in the 
center of the feature. Because hollow nodule diameters are often at or below the resolution limits of 
this mosaic (confirmed by MAHLI observations), hollow nodules are probably underrepresented relative 
to nodules. This image is a subset of the Mastcam-100 workspace mosaic from sol 164. For mosaic 
image IDs, see (31). 
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shaped, pointed terminations (Fig. 6C). Most 
have subvertical orientation but can dip more 
gently, down to 45° or less, and their strike trends 
in all directions (Fig. 6C). Intersections of 90° 
between ridges are common. A distinctive at- 
tribute is that most ridges show internal banding, 
which contours the trend of the ridge, following 
closely all local deviations, including right-angle 
bends. Two parallel bands are most common, 
although three to four are also observed (Fig. 6C). 
Raised ridges are most simply interpreted as early 
diagenetic cracks that formed in consolidated 
or even partly lithified mudstone, then filled 
with one or more generations of cement that 
isopachously encrust the margins of the cracks. 
This infilling material has greater resistance to 
eolian erosion than the mudstone, resulting in 
its expression as ridges. ChemCam and APXS 
analyses have identified elevated Mg, Fe, Si, 
Cl, Li, and Br in the raised ridges, but insuf- 
ficient evidence exists to confidently identify 
specific mineral phases (19). A strong corre- 
lation exists between Mg, Fe, and Cl, possibly 
indicating that a chloride phase may be present, 
but if so, it can only explain a small amount of 
the Mg and Fe enrichment. Alternatively, the 
correlation could result from a phase other than 
a chloride that contains substantial Cl. For ex- 
ample, CheMin data suggest the presence of 
akaganeite (28). 

Taken alone, the development of very early 
cracks in fluvial-to-lacustrine mudstones might 
be most simply explained by desiccation of wet 
sediment: Generally, desiccation cracks have po- 
lygonal geometry. Therefore, the nonpolygo- 
nal geometry of the cracks is unexpected, as are 
the isopachous, banded materials that fill in the 
fractures. Furthermore, the abundance of raised 
ridges is anticorrelated with the abundance of 
nodules and hollow nodules, suggesting that all 
three phenomena are genetically related, which 
is not observed for desiccation cracks on Earth. 
An alternative mechanism proposes that syn- 
depositional pore fluids (perhaps mixing with 
surface runoff waters) may have been important 
in driving diagenetic reactions that triggered 
early mineral precipitation, gas production, and 
volume contraction close to the sediment-water 
interface. On Earth, a related but poorly under- 
stood process known as “‘synaeresis” is thought 
to relate to clay mineral flocculation during 
mixing of saline and less saline waters, resulting 
in differential contraction of the substrate (45). 
Seismic shaking, perhaps induced by impacts on 
Mars, may help facilitate this process (46). The 
result is spindle-shaped cracks, a few centime- 
ters long, that look very much like the Sheepbed 
raised ridges. In most cases on Earth, the cracks 
are filled by other sediments; however, in one 
very particular instance known as “molar tooth 
structure,” spindle-shaped cracks and related sub- 
spherical voids are filled with mineral (calcite) 
cement. The origin of subaqueous cracks on 
Earth is poorly understood, though the involve- 
ment of gas in generating the cracks and voids 
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represented by molar tooth structure is likely 
(43, 47). As with the hollow nodules, a number of 
processes could generate gases in martian sedi- 
ments. In general, the distribution of subaqueous 
shrinkage cracks reflects differential strength of 
the substrate materials, which may similarly be 
represented in the Sheepbed member by the spa- 
tial segregation of the nodules and hollow nod- 
ules versus raised ridges. 

A distinct feature within lower Yellowknife 
Bay strata is a dike-like, dark-toned rock unit 
referred to as the “snake,” named after the target 
Snake River (see Fig. 3). This feature extends 
from the lowest stratigraphic level of the ex- 
posed Sheepbed member, crosscuts the Sheepbed— 
Gillespie Lake contact, and tapers out within the 
middle of the overlying Gillespie Lake member 
(Figs. 3 and 4). The snake is 6 to 10 cm wide 
and can be traced across bedding for ~5 m, 
cutting up through almost 1 m of stratigraphic 
section. MAHLI images of unbrushed parts of 
the snake suggest that it has a fine-grained clastic 
texture, but with larger fragments present sug- 
gestive of intraclasts (fig. S2). Elemental data 
show it to be similar in major elements but dis- 
tinct from the Sheepbed member in trace ele- 
ment abundances (/9). The snake can be traced 
to its stratigraphically highest position, where 
it terminates in a small anticline. At this terminus, 
thicker, massive beds extend laterally away from 
the core of the anticline. The snake has several 
possible interpretations, including a narrow ig- 
neous dike of basaltic composition; a large-scale 
crack that is filled from above, perhaps asso- 
ciated with subaerial exposure or ice wedging; 
or a sedimentary intrusion associated with com- 
paction and dewatering of the mudstone or sub- 
jacent strata. 

The fine-grained, basaltic composition of the 
snake makes it hard to exclude an igneous in- 
trusion with basaltic composition. The feature is 
so thin that grain-size variations consistent with 
chilled margins would be unexpected at scales 
within MAHLI’s limit of resolution; the entire 
dike would be expected to be very fine grained. 
Filling from above is discounted due to the pres- 
ence of the small anticline, which suggests in- 
jection of fluidized material from below rather 
than settling of sediment from above. In ad- 
dition, no evidence of layering, suggestive of 
downward percolation of sediments, is observed 
within the feature. Furthermore, no other crack- 
like features are observed to extend downward 
from a common stratigraphic surface. The third 
possibility—intrusion of plastically deformed sed- 
imentary materials—occurs in some sedimenta- 
ry environments with high sedimentation rates 
(24, 25, 48, 49). Upward and lateral injection of 
compacting muds and sands is most commonly 
expressed as dikes and sills that both crosscut 
strata and intrude along bedding planes. The 
similarity of both composition and texture to 
that of the Sheepbed mudstone, the presence 
of possible intraclasts, and upward deflection 
of strata at its terminus are all consistent with 


sedimentary injection (24, 25). This suggests a 
sediment accumulation rate for the Yellowknife 
Bay formation (or sediments below it) that was 
high enough so that pore fluid pressures built up 
to the point where expulsion along discrete zones 
of weakness, rather than along grain boundaries, 
was the preferred pathway for escape of compact- 
ing sediments and interstitial pore fluids. As the 
porosity and permeability of the sediment was 
reduced via compaction and cementation, the strata 
may have ruptured, allowing fluids to escape and 
form sedimentary dikes and sills. Finally, this pro- 
cess could have been aided by impact-induced 
seismic activity (50). 

Fractures filled with light-toned sulfate ce- 
ments also are regarded to have formed later 
in the diagenetic sequence because they cut the 
entire Yellowknife Bay formation. In contrast to 
the raised ridges, the sulfate-filled fractures are 
flush, even slightly depressed, with respect to ad- 
jacent unfractured outcrop (Figs. 6 and 7). Sulfate- 
filled fractures have highly diverse orientations 
spanning from vertical to subhorizontal; range 
in length from less than 1 cm to more than 30 cm; 
and range in width from “hairline” (submilli- 
meter) to 8 mm, with a mean width of 2.3 mm 
(Figs. SE and 6D). MAHLI images of the John 
Klein drill hole show that sulfate-filled fractures 
of hairline width have complex orientations with 
horizontal as well as vertical trends (Fig. 5F). 
Where these hairline-width fractures intersect 
hollow nodule void spaces (Fig. 5E), the latter 
are also filled with hydrated and anhydrous cal- 
cium sulfate minerals, as determined by CheMin, 
ChemCam, and APXS data (/9, 28). At a larger 
scale, the observation of fracture-filling hydrated 
sulfate mineralogy can be extended through Mastcam 
observations. Calibrated Mastcam spectra show 
evidence for hydration associated with most but 
not all of the fracture fills, including limited hy- 
dration in hairline fractures that penetrate and 
fill the void space of hollow nodules (28). 

To form, the sulfate-filled fractures first re- 
quire lithification of the Sheepbed and Gillespie 
Lake members to allow applied stress to cause 
brittle strain of the bedrock (5/). Once open, the 
fracture networks then act as conduits for fluid 
transport, resulting in precipitation of cementing 
minerals within these initially low permeability 
sedimentary rocks. The fracture networks were 
possibly created by hydraulic fracturing due to 
high fluid pressures that would have been ob- 
tained during burial of Yellowknife Bay strata 
(51). The variation in hydration state of vein- 
filling sulfate mineralogy between gypsum, 
bassinite, and anhydrite could reflect primary 
variations in environmental conditions during 
deposition or, alternatively, diagenesis associ- 
ated with burial and/or desiccation during sub- 
sequent erosion and exposure (28). 

A final observation regarding later diagenesis 
concerns the Gillespie Lake sandstone member, 
which shows evidence for possible secondary 
porosity. Irregular vugs larger than the diameter 
of the average grain size (Fig. 5D) suggest that 


larger grains, or perhaps clusters of grains, were 
leached during fluid circulation. Alternatively, it 
is possible that these vugs represent intraclasts of 
mudstone that degraded by weathering. Another 
possibility is dissolution of preferentially more 
soluble early diagenetic minerals; however, the 
irregular shape of the vugs is not consistent with 
dissolved evaporite crystals. 

The diagenesis of the Sheepbed member 
suggests a complex aqueous history involving at 
least two distinctly different water masses. After 
emplacement in distal alluvial-to-lacustrine envi- 
ronments, pore spaces in primary sediments 
were occluded by cements, and early diagenetic 
hollow nodule voids (gas bubbles?) may have 
been formed, along with concretions. At approx- 
imately the same time, nonpolygonal fissures in 
the lithifying sediment opened up and became 
lined with void-filling isopachous rim cements. 
All of these events, with the exception of hollow 
nodule void formation, must have occluded much 
of the primary porosity. This episode of diagen- 
esis did not substantially change the bulk rock 
chemistry of these units relative to average 
martian basalt and are thus considered to have 
involved isochemical alteration (/9). This sug- 
gests that clay mineral and magnetite formation 
happened largely in situ, as a result of alteration 
of olivine to form authigenic saponitic smectite 
(79, 28). In addition to pore-filling cement, it is 
possible that these minerals also precipitated as 
concretions, as well as isopachous rim cements 
within raised ridge fractures. After lithification, 
fracture porosity was created that was then filled 
with a distinctly different fluid that resulted in 
precipitation of sulfate cements (/9, 28). The 
absence of elevated sulfate abundances in the 
Sheepbed mudstone, except for within these frac- 
tures, indicates that cementation and permeability 
reduction of the mudstone was extensive enough 
so that sulfate-rich fluids percolating through 
fractures and hairline fractures did not invade 
the mudstone or sandstone matrix (/9, 28). The 
first diagenetic fluid, possibly derived from the 
waters that transported sediments, was dominated 
by dissolved silicate and iron oxide minerals. The 
second, subsequent fluid was dominated by 
sulfates and perhaps sampled a broader, basin- 
wide hydrologic system. CheMin and Sample 
Analysis at Mars instrument (SAM) data addi- 
tionally point to a substantial x-ray amorphous 
fraction of material that could have been in- 
volved in diagenesis, as well as potential sulfide 
minerals (28, 52). 


Sheepbed Mudstone: Record of 
Habitable Environment 


The regional geologic context, sedimentologic 
framework, and geochemistry and mineralogy 
of the Sheepbed mudstone all point to an ancient 
environment that would have been habitable 
to a broad range of prokaryotic microorga- 
nisms. The relatively neutral pH indicated by 
clay mineral stability (28); high water activity 
indicated by low salinity for primary and early 
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diagenetic environments (/9); the variable redox 
states indicated by presence of magnetite, sul- 
fate, and sulfide minerals and compounds (28, 52); 
and the apparent long duration of the aqueous 
environment(s) all support this interpretation. 

The Sheepbed mudstone closely coincides 
with the BF map unit (Fig. 1), suggesting that 
this rock unit may have extended beyond the 
confines of Yellowknife Bay and minimally cov- 
ered an area of ~30 km”, not including buried or 
eroded equivalents. Repeated flows of water (/7) 
and the likely presence of a body of standing 
water point to a sustained habitable environment. 
The durations of the primary, early diagenetic, and 
later diagenetic aqueous environments were sub- 
stantial enough to create geologic and geochem- 
ical fingerprints of prolonged fluvio-lacustrine 
and diagenetic processes markedly similar to 
those that formed commonly during early Earth 
history (32, 53, 54). 

A rough estimate of the minimum duration 
of the lacustrine environment is provided by the 
minimum thickness of the Sheepbed member. 
Given 1.5 m, applying a mean sediment accu- 
mulation rate for lacustrine strata of 1 m per 
1000 years (38) yields a duration of 1500 years. 
Lacustrine sediment accumulation rates vary by 
several orders of magnitude (33); thus, the hy- 
pothesized lake could represent hundreds to 
tens of thousands of years. If the aqueous envi- 
ronments represented by overlying strata are 
considered, such as the Gillespie Lake and 
Glenelg members, then this duration increases. 
Indeed, the regional geologic context suggests 
that the Yellowknife Bay formation may be just 
a small part of a thick series of fluvio-lacustrine 
rocks that may exist in the subsurface for hun- 
dreds of meters. Moreover, it is possible that 
hundreds of meters of fluvial-lacustrine strata 
have been eroded. The sulfate-filled fractures are 
consistent with some amount of burial, and in- 
dependent support for this is allowed (but not 
required) by possible incipient chloritization 
of mudstone smectite (28). Therefore, it is en- 
tirely plausible that, collectively, these hundreds 
of meters of strata could represent millions to 
tens of millions of years. 

Episodic drying of this lake environment 
seems certain over this long time scale if not 
over shorter spans represented by thicknesses 
equivalent to the exposed Sheepbed mudstone. 
However, even if the lake was dry periodically 
or if unconformities interrupted the continuity of 
fluvial-lacustrine sedimentation, the presence of 
former groundwater—well documented for many 
ancient Mars phenomena (55—57)}—may have 
provided a refugium to sustain a chemolitho- 
trophic biosphere. Episodic lake rejuvenation 
would permit a subsurface chemoautotrophic 
microbiota to emerge to the surface in response 
to a rise in groundwater level. 

We can more specifically assess the habit- 
ability of the former environment represented by 
the Sheepbed mudstone from a perspective shaped 
by our knowledge of terrestrial biology. This ap- 
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proach involves identification of the chemical 
and physical environmental requirements that 
would support prokaryotic microbes, if similarly 
simple forms of life had ever evolved on Mars. 
Bacteria and archaea represent ancient, abun- 
dant, and metabolically diverse domains of life 
on Earth and are able to withstand a wide range 
of environmental conditions (58—6/). They can 
engage in a multitude of autotrophic and het- 
erotrophic pathways and use a variety of electron 
donor-acceptor pairs for acquisition of carbon 
and energy (62-65). We can envisage many com- 
binations of terrestrial microbes that would be 
suited to form a martian biosphere founded on 
chemolithoautotrophy at Yellowknife Bay. 

As a first step, it is useful to assess the key 
nutrients required to support terrestrial bacteria 
and archaea (66). The defining chemistry is in- 
organic: elemental inventory, liquid water, redox 
potential (Eh), pH, redox couples, and a diversity 
of chemical compounds. Organic molecules are 
not required environmental constituents because 
they can be synthesized de novo through the prim- 
itive autotrophic pathways, such as methano- 
genesis and acetogenesis (67). We have measured 
H, O, S, C, N, and P in minerals and other com- 
pounds with the APXS, ChemCam, CheMin, 
and SAM instruments, as well as important me- 
tals such as Fe, Mg, and Mn (/9, 28, 52). All 
but P are observed in SAM evolved gas analysis 
(EGA) data as volatiles, and all but P and N are 
known to be part of mineral structures observed 
in CheMin data. We do not have the capability 
to determine whether P would have been bio- 
available, and CheMin observed no highly soluble 
P-bearing minerals. On the other hand, CheMin 
data indicate substantial breakdown of olivine in 
the mudstone at Cumberland (28), and P can be 
a trace-to-minor element in that mineral (68), 
suggesting potential P mobility during diagene- 
sis. Nitrogen-bearing compounds, in both reduced 
and oxidized forms, were measured by SAM 
during EGA (52). Evolved NO (mass-to-charge 
ratio = 30) has an abundance that is substantially 
above background, pointing to a likely source 
within the mudstone. Bioavailable N could con- 
ceivably have been derived from the atmosphere 
via fixation by sulfide minerals during reactions 
similar to that seen in pyrrhotite, pyrite, and 
magnetite assemblages on Earth (69, 70). 

SAM EGA data from John Klein show car- 
bon to be present, either in crystalline (carbonate?) 
phases below 1% abundance, as a carbonate- 
bearing component in the x-ray amorphous mate- 
rial detected by CheMin, or derived from complex 
organic sources not detectable by SAM. Thus, 
most or all the major ingredients required to sup- 
port life are present in the Sheepbed mudstone. 

As a second step, we identify plausible re- 
dox couples represented by minerals and other 
compounds preserved in the Sheepbed mud- 
stone that might have comprised basic energy- 
yielding reactions for an elementary microbial 
community (66). The presence of both sulfur and 
iron is indicated by ChemCam, APXS, CheMin, 
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and SAM data. Further, observation of key in- 
organic volatiles such as H,O, H2S, SO, Ho, 
and CO;, generated during SAM pyrolysis (52), 
suggests a wider range of redox conditions for 
the surface of ancient Mars than previously recog- 
nized based on Viking, Phoenix, and Mars Ex- 
ploration Rover data (7/—74). For example, SAM 
analysis of the John Klein sample shows higher 
H,S/SO, average ratios than were found for 
the Rocknest soil sample: 0.06 for John Klein 
(52) versus 0.01 for Rocknest (75). These data 
suggest a higher proportion of reduced sulfur 
relative to oxidized sulfur pointing to a plausi- 
ble redox couple for prokaryotic respiration. 

Iron also presents intriguing possibilities for 
redox coupling. CheMin analyses indicate the 
presence of a substantial quantity of likely au- 
thigenic magnetite (~7% of crystalline compo- 
nents) in Sheepbed mudstones (28). The presence 
of an authigenic, partially reduced Fe-oxide phase 
in a martian sedimentary rock represents a no- 
table departure from previous secondary Fe- 
mineral detections on Mars, where ferric iron has 
proven to be the dominant redox state (76-78). 
The magnetite measured by CheMin does show 
evidence for oxidation of some of its ferrous 
iron to form the ferric defect-spinel maghem- 
ite (28). The gray color of the freshly exposed 
Sheepbed mudstone (Fig. SF) contrasts sharply 
with the reddish color of the freshly exposed, highly 
oxidized, hematite-bearing rocks of Meridiani 
Planum (79), emphasizing the lower oxidation 
state of iron in the Sheepbed mudstone. There 
are a number of potential mechanisms for the 
production of authigenic magnetite, all of which 
are promoted by waters with relatively low Eh 
and neutral to alkaline pH (80). Under such con- 
ditions, aqueous Fe”*-hydroxide species can pre- 
cipitate and ultimately transform to magnetite. 
Perhaps not coincidentally, neutral-to-alkaline 
pH conditions also are likely to promote the 
formation of clay minerals. Potential authigenic 
magnetite formation pathways include UV- 
promoted reactions with dissolved Fe’ in the 
water column (8/) or with carbonate minerals in 
the sediment (42), and partial oxidation of dis- 
solved Fe?* by dissolved O> (80). Perhaps the 
most likely scenario is via clay formation and 
saponitization (28). However the magnetite may 
have formed, the additional presence of Fe** 
in nanophase iron oxide indicated by combined 
APXS/CheMin and SAM data (19, 28, 52) pro- 
vides the other half of an iron-based redox cou- 
ple in the Sheepbed mudstone. 

Salinity provides another important con- 
straint on habitability because it affects water 
activity, which, when low, can restrict cellular 
physiology (82-84). All natural waters contain 
dissolved ions that, through their interactions 
with water molecules, limit the availability of 
HO for hydration reactions. Water activity is 
defined by microbiologists as ay, = 1,/(n, + no), 
where 1, equals moles of water and nz equals 
moles of solute (82). Most terrestrial organisms 
cannot survive below a,, = 0.9, a few halophilic 
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bacteria grow at a, = 0.85, and some archaea 
can grow at a, = 0.75 (83). In the Burns for- 
mation at Meridiani Planum, the abundance of 
calcium and magnesium sulfate minerals de- 
tected by the Opportunity rover is so great that it 
conservatively reconstructs to an ancient water 
activity of ay = 0.78 to 0.86, and possibly as 
low as ay = 0.5 (85). This shows that water ac- 
tivity was so low during deposition and diagenesis 
of the Burns formation that even though water 
was present, the environment would probably 
have been uninhabitable to all but the hardiest 
halophiles (86). In contrast, the Sheepbed mud- 
stone provides evidence for both low salinity 
sediment-transporting water and early diagenetic 
water, given its very low sulfur and chlorine 
content (/9). It is possible that small amounts of 
chloride salt were present (/9, 28); however, 
these were in low enough abundance (<1 to 2%) 
so as to not substantially reduce water activity 
and create a challenge for prokaryotic microbes. 
Higher salinities are indicated for the waters that 
percolated through late diagenetic fractures; 
however, these were probably of modest salinity 
given their exclusively calcium sulfate compo- 
sition (85). On Earth, calcium sulfate precipita- 
tion is common in evaporitic environments that 
thrive with diverse microorganisms (87). Further- 
more, there is evidence that halophiles may resist 
the destructive effects of radiation (88), thought 
to limit habitability in the martian surface envi- 
ronment (89). 

Finally, estimates of pH are similarly impor- 
tant for understanding habitability. Again, in the 
Burns formation at Meridiani Planum, the pres- 
ence of jarosite indicates low pH with ancient 
waters that contained sulfuric acid (40). How- 
ever, such low pH does not discount the pres- 
ence of life; terrestrial analog environments show 
that microbes can survive under these conditions 
because they have adapted their biochemistries 
to maintain near neutral conditions internally 
(90). Nevertheless, the presence of more neutral 
waters allows a broader range of microorga- 
nisms to be viable. The presence of clay minerals 
in the Sheepbed mudstone, the absence of any 
evidence for Al mobility, and the absence of 
iron sulfate minerals, even in the sulfate-filled 
late diagenetic veins, indicates a relatively neu- 
tral pH. This neutral pH could have existed for 
all phases of aqueous history, from the primary 
waters of deposition that may have created a 
body of standing water, to early diagenesis, and 
through the close of late diagenesis. 

At Yellowknife Bay, there is no hint of the 
strongly acidic conditions that have been thought 
to especially describe the planet’s younger his- 
tory of aqueous alteration, sedimentation, and 
habitability (74, 83, 91). The record of aqueous 
activity at Yellowknife Bay is likely prolonged 
and complex, involving several stages of di- 
agenesis, including clay formation, that culmi- 
nate with precipitation of calcium sulfate salts 
in veins, but without attendant indicators of 
acidic waters such as iron sulfates. The sim- 


plest interpretation of the sequence of diagenetic 
events would involve progressive desiccation of 
mildly saline, pH-neutral waters—a very Earth- 
like scenario (92). Such conditions have been 
envisaged for the very early history of Mars 
(91), but it is only recently that they have been 
considered viable for a younger age (7, 93, 94). 
The surprising result is that the stratigraphy of 
Yellowknife Bay may not only preserve evi- 
dence of a habitable environment, but one that is 
relatively young by martian standards. In the 
most conservative scenario allowed by geologic 
mapping, the Yellowknife Bay formation repre- 
sents part of the older fill of Gale crater, and 
therefore is roughly Early Hesperian in age (6), 
perhaps overlapping with or postdating times of 
bedded sulfate formation elsewhere on Mars. 
This would indicate that times of sustained surface 
water, neutral pH, and authigenic clay formation 
extended later into Mars’ history. The potential- 
ly young age of clay formation (and habitability) 
does not invalidate the general trend that most 
rocks that interacted with water early in Mars’ 
history produced clays, and those that interacted 
later produced sulfates. However, much like 
Earth’s time-dependent records of iron forma- 
tion (95, 96) and carbonates (97, 98), it points 
to the need to understand those special condi- 
tions, which allow a distinctive aqueous envi- 
ronment to persist for broad spans of geologic 
time or to recur when the favorable conditions 
again emerge. Curiosity’s detection of a relatively 
young and markedly Earth-like habitable envi- 
ronment at Gale crater underscores the bio- 
logic potential of relatively young fluvio-lacustrine 
environments. 
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Sedimentary rocks at Yellowknife Bay (Gale crater) on Mars include mudstone sampled by the 
Curiosity rover. The samples, John Klein and Cumberland, contain detrital basaltic minerals, 
calcium sulfates, iron oxide or hydroxides, iron sulfides, amorphous material, and trioctahedral 
smectites. The John Klein smectite has basal spacing of ~10 angstroms, indicating little interlayer 
hydration. The Cumberland smectite has basal spacing at both ~13.2 and ~10 angstroms. 

The larger spacing suggests a partially chloritized interlayer or interlayer magnesium or calcium 
facilitating H2O retention. Basaltic minerals in the mudstone are similar to those in nearby eolian 
deposits. However, the mudstone has far less Fe-forsterite, possibly lost with formation of smectite 
plus magnetite. Late Noachian/Early Hesperian or younger age indicates that clay 

mineral formation on Mars extended beyond Noachian time. 


he recent decade of orbiter- and rover- 
[<i studies of ancient sedimentary rocks 

on Mars has revealed a diverse mineralo- 
gy that constrains the nature and timing of early 
environments in the history of the planet (/—3) 
These studies provide a starting point for con- 
sidering the habitability of Mars, based on an 
understanding of the aqueous geochemistry and 
mineralogy of rocks placed within a geologic 
framework (4, 5). Such an approach has been 
adopted by the Mars Science Laboratory (MSL) 
mission, where the science payload and advanced 
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capabilities of the Curiosity rover were designed 
for assessment of past habitability (6). 

Mission goals for MSL placed high priority 
on aqueous-system mineralogy, particularly clay 
minerals and sulfate salts (6). The mission con- 
cept for the landing site in Gale crater was to leave 
the landing spot quickly and drive to Aeolis Mons, 
acentral mound informally known as Mount Sharp. 
Interpretation of Mars Reconnaissance Orbiter 
CRISM (Compact Reconnaissance Imaging Spec- 
trometer for Mars) visible—near-infrared (IR) spec- 
troscopy suggests the presence of hydrated minerals 
in sedimentary layers at the base of the mound 
(7). However, soon after landing, a contact among 
three different geologic units, one with relative- 
ly high thermal inertia, was recognized within 
~450 m of the landing spot, just beyond the al- 
luvial lobe of the Peace Vallis fan (8). The deci- 
sion to drive away from Mount Sharp toward 
this location has provided early samples of a 
mudstone that contains both clay minerals and 
sulfate salts. 

The John Klein and Cumberland drill sam- 
ples were collected from the Sheepbed mudstone 
member of the sedimentary Yellowknife Bay for- 
mation, which is interpreted as a shallow la- 
custrine deposit (8). John Klein and Cumberland 
are the second and third solid samples, respec- 
tively, collected by the MSL rover Curiosity. 
The first sample, from an eolian deposit named 
Rocknest, is ~60 m west of the mudstone drill lo- 
cations. The loose Rocknest deposit (9) had been 
used to commission Curiosity’s scoop sampling 
system, and the lithified John Klein sample was 
used to commission the drill. Curiosity’s sampling 
system delivers both scooped and drilled pow- 
ders to the same set of sieves (/0). All scooped or 


drilled samples were sieved to <150 um, and por- 
tions were analyzed by the Chemistry and Min- 
eralogy (CheMin) x-ray diffraction (XRD) and 
x-ray fluorescence (XRF) instrument (//) and 
the Sample Analysis at Mars (SAM) quadrupole 
mass spectrometer-gas chromatograph—tunable 
laser spectrometer suite of instruments (/2, /3). 

CheMin XRD data are the focus of this paper. 
Although the CheMin XRD instrument is the 
prime mineralogy tool carried by Curiosity, con- 
straints on the mudstone mineralogy are provided 
by the temperatures at which volatiles are released 
in SAM evolved gas analyses, particularly H,O 
release profiles (/3). Other instruments on Cu- 
rlosity provide additional insight into mineralogy. 
Mastcam (/4, /5) multispectral images are capable 
of sand size resolution and potential identifica- 
tion of certain hydrated minerals using short- 
wavelength near-IR filters (76). ChemCam has a 
narrow laser beam that can target veins and nod- 
ules for remote chemical analysis by laser-induced 
breakdown spectroscopy (LIBS), with sensitivity 
to many elements including hydrogen (/7, 18); 
this capability can aid in constraining mineral com- 
positions where individual minerals are ~0.5 mm 
or larger and is particularly sensitive to alkali and 
alkaline-earth elements (79). The MSL alpha par- 
ticle x-ray spectrometer (APXS) has proven heri- 
tage from previous missions and provides sensitivity 
to a wide range of common rock-forming ele- 
ments (20), although the analysis spot resolution 
is ~1.7 cm, providing a bulk chemical analysis 
rather than mineral analysis for most samples. 
We use the results from APXS to constrain the 
composition of the x-ray amorphous components 
of the mudstone. The Mars Hand Lens Imager 
(MAHLI) provides high-resolution images, to 
14 um per pixel, with Bayer pattern color that 
can simulate hand-lens or close-up sample anal- 
ysis (2/). 

Figure | shows Mastcam and MAHLI im- 
ages of the boreholes and drill powders for John 
Klein and Cumberland. Cumberland (Fig. 1C) 
was targeted after John Klein so as to analyze a 
part of the mudstone with fewer sulfate veins 
and a greater abundance of resistant concretions, 
including nodules and hollow nodules that are 
regarded as early cementation. The two drill holes 
are ~3 m apart. Powders of both mudstone sam- 
ples are notably gray in color, unlike the reddish 
weathering and/or dust evident on the surface 
of the mudstone. This reddish surface of the 
mudstone did not contribute to either drill sam- 
ple, for the auger does not pass powder into the 
sampling system until it is ~1.5 cm into the drill 
target (10). 


Mineralogical Analysis and 

Quantitative Mineralogy 

The XRD patterns for John Klein and Cumberland 
are compared in Fig. 2A. We quantified the crys- 
talline components, other than smectites, in John 
Klein and Cumberland (Table 1) by using whole- 
pattern fitting and Rietveld analysis (Fig. 2, B 
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and C); smectites and the amorphous component 
were quantified using a modified version of the 
FULLPAT program (22). These methods are de- 
scribed in (23) and elaborated in (24). Conver- 
sion of the two-dimensional images of Debye 
diffraction rings on the charge-coupled device 
(CCD) to one-dimensional diffraction patterns 
was done in the same manner for Rocknest, John 
Klein, and Cumberland. For all three samples, we 
obtained unit cell parameters (Table 2) and phase 
compositions (Table 3) for major phases. The unit 
cell parameter and phase composition data re- 
ported for Rocknest, John Klein, and Cumberland 
were processed in the same manner and are there- 
fore comparable. 

An independent assessment of the abundance 
of smectite and amorphous material can be ob- 
tained from the fixed or cell parameter—constrained 
chemical compositions of the phases listed in 
Table | and the total sample chemical composition 
from APXS analysis of the drill tailings. This ap- 
proach (24) uses a mass-balance calculation with 
XRD constraints on crystal chemistry (25, 26) 
and, for the present study, model smectite com- 
positions, to estimate the composition of the amor- 
phous component. Additional constraints on smectite 
abundance come from SAM evolved gas analy- 
sis, where the amount of H2O released at higher 
temperatures (~400° to 835°C) can be related to 
dehydroxylation of various clay minerals (/3). 
Within estimated errors these three methods agree, 
but in this paper we focus on the XRD estimates 
(Table 1). 

None of the coarse (width >1 mm) veins that 
cross the Sheepbed member (8) were sampled for 
CheMin and SAM analysis. However, Mastcam 
near-IR spectral filters are sensitive to hydration 
in certain minerals (27), and this method (24) was 
used to analyze veins where ChemCam and APXS 
data indicated that Ca sulfate phases are present. 
This allows mapping of inferred gypsum dis- 
tributions in the veins that were not sampled for 
CheMin and SAM analysis. 

The sedimentologic context of the mudstone 
is complex. Observations of the mudstone (8) 
lead to interpretation of an early-diagenetic asso- 
ciation of nodules, hollow nodules, and raised 
ridges that are crosscut by late-diagenetic fractures 
filled with light-toned Ca sulfates (S-Ca associa- 
tion in these veins was identified with ChemCam). 
Early-diagenetic hollow nodules are filled with 
light-toned sulfates only where intersected by 
late-diagenetic light-toned microfractures (8, 19). 
MAHLI images show that the John Klein drill 
spot had a surface footprint (1.6 cm diameter) 
with ~3.9% hollow nodules, ~2.5% solid nod- 
ules, and ~14.5% light-toned sulfate, whereas the 
Cumberland drill spot had ~8.5% hollow nodules, 
~2.2% solid nodules, and no evident light-toned 
sulfate. Estimates of light-toned sulfate abundances 
from pre-drilling images can be deceptive because 
their three-dimensional distribution is dependent 
on variable occurrence of thin veins that may or 
may not be visible on the dust-mantled surface. 
A more accurate survey of the distribution and 


1243480-2 


abundance of light-toned sulfates is obtained by 
analysis of drill-hole wall images (24), at least to 
the depth exposed (the lower part of each drill 
hole contains some debris). 

The borehole samples John Klein and 
Cumberland provide adequate sampling of the 
mudstone matrix with a partial sampling of fea- 
tures that are both early-diagenetic (nodules and 
hollow nodules) and late-diagenetic (light-toned 
veins). The drill did not sample any early-diagenetic 
raised ridges. The raised ridges were identified 
in LIBS and APXS analyses as including an 
Mg-Fe-Cl-tich component; in images they ap- 
pear to have an isopachous filling of several layers 
and may be mineralogically complex (/9). With- 
out direct sampling and CheMin XRD analysis, 
knowledge of mineralogy in the raised ridges is 
speculative and is not addressed here. 


Silicates Other than Smectites 

Several detrital silicate minerals in the mudstone 
bear a strong resemblance to those found in 
the Rocknest eolian deposit (Tables 2 and 3). Fe- 


Viney 


Fig. 1. Images of mudstone drill holes and drill powders. (A) shallow (1 cm deep) test drill hole (at 


forsterite, plagioclase, pigeonite, and augite are 
generally similar among Rocknest, John Klein, 
and Cumberland samples, suggesting similar mafic 
sources. Presence of pigeonite indicates mafic 
sources that were basaltic. However, XRD analy- 
ses of the mudstone samples reveal presence of 
orthopyroxene as well as clinopyroxenes, indi- 
cating a source of some mafic minerals that is 
either absent from or very minor in the nearby 
eolian deposit. 

It is notable that Fe-forsterite is almost absent 
in Cumberland and that its abundance in John 
Klein is much lower than in Rocknest. Figure 1B 
shows that the reddish Rocknest sample coats the 
walls of the scoop that is filled with the John 
Klein drill powder. Testbed operations on Earth 
suggest that at least ~4% cross-contamination 
should be expected between samples. By the 
time Cumberland was imaged (Fig. 1D), the red 
Rocknest powder was almost gone, so the sam- 
pling system had been largely cleared of this con- 
taminant in processing John Klein. Progressive 
dilution and a stronger cleaning cycle between 


left) and sampled drill hole (6.5 cm deep) for John Klein; MAHLI image, sol 182. (B) John Klein drill 
sample in the scoop reservoir before sieving to <150 um; Mastcam 34-mm image, sol 193. (C) sampled 
drill hole for Cumberland; MAHLI image, sol 279. (D) Cumberland drill sample in the scoop reservoir 
before sieving to <150 um; Mastcam 34-mm image, sol 279. Borehole diameters are 1.6 cm; scoop 


inner width is 3.8 cm. 
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John Klein and Cumberland left little if any 
Rocknest contamination in Cumberland; converse- 


12,000 ly, some of the Fe-forsteritic olivine present in the 
A John Klein John Klein sample might be contamination from 
— __. Gurnbariand the Rocknest sample. 
Phyllosilicates 
CheMin XRD data reveal the presence of phyl- 
8,000- losilicates in John Klein and Cumberland 
(Fig. 2A). A broad 001 diffraction peak in the John 
Klein XRD pattern extends from 12 to 9.4 A, 
£ corresponding with the large interlayer spacing of 
zB See a 2:1 smectite. This broad range of 001 dif- 
fraction is common to a variety of phyllosilicates, 
but the breadth of this peak, and the lack of other 
4,000- well-defined peaks (such as an 002 peak at 5 A), 
argue against the presence of well-crystallized 
phyllosilicates such as mica or illite. Well-defined 
2 0004 diffraction peaks for kaolinite or chlorite-group 
‘ minerals at 7 A are absent. A smectite with sim- 
ilar diffraction properties is present in Cumberland, 
although the low-angle region includes a second 
ae +b as 5 7 FA peak ranging from ~12 to 17 A with a maxi- 
26 (degrees) mum at ~13.2 A. This larger interlayer spacing 
10,000 in the Cumberland XRD pattern is a noteworthy 
9,000 B John Klein chaniireniuh: ee : 
The interlayer spacing in a smectite, revealed 
SO by the broad 001 peak, is affected by the layer 
7,000 charge, the nature of the interlayer cation(s) (typ- 
6,000 ically K, Na, and/or Ca; less commonly Mg), 
z 5,000 the hydration state of the interlayer cations, and 
8 the possible presence of chloritic interlayers. The 
4,000 ‘i : 
layer charge and interlayer cation content of a 
3,000 smectite are relatively stable in solid samples, so 
2,000 abled ' vse \ changes in interlayer spacing are mostly depen- 
1,000 eis © OY dent on relative humidity. Modeling and exper- 
0 ollie athe pe biel pt tian DN acrbicihetammaplbace aiid NA iin anita imental studies (28, 29) suggest that if exposed at 
5 10 15 20 25 30 35 40 45 50 Mars surface conditions, smectites can go through 
20 (degrees) diurnal and seasonal hydration cycling, with sub- 
10,000 stantial dependence of the amount of hydration 
9,000} C Cumberland on the nature of the interlayer cation. For exam- 
8,000 ple, Ca-smectite will hold more interlayer H,O 
wen than Na-smectite at the same conditions (30). The 
, John Klein and Cumberland samples inside the 
ig SIO body of Curiosity were exposed to higher and 
5 5,000 less variable temperature (a diurnal range of 5° to 
© 4000 25°C) than they were in situ. These temperatures 
3,000 yield very low relative humidities, and dehydra- 
— h, tion should be favored. The position and breadth 
; F php V7 y Xo b of the 001 diffraction peak in the John Klein 
1,000 : sample have not changed over 30 sols of analysis 
C0 A ed ll A gp ttn gtr enya ei following collection, but at 10 A this smectite 
5 10 15 20 25 30 35 40 45 50 appears to be largely dehydrated and little or 
26 (degrees) no change would be expected. The larger 001 


spacing in Cumberland has also been static over 
28 sols of analysis; the preservation of this wider 
spacing suggests a difference in the interlayer com- 
position of the smectite in Cumberland compared 


Fig. 2. X-ray diffraction patterns of mudstone samples. (A) X-ray diffraction patterns for John Klein 
and Cumberland superimposed. Similarity between the mudstone samples is evident, but there are notable 
differences in the major smectite 001 peaks at 13.2 A in Cumberland and at 10 A in John Klein (spacing 
corrected for Lorentz polarization). Also labeled are reflections at 6 A for bassanite and 3.5 A for anhydrite : : 
plus Fe-forsterite, which are more abundant in John Klein than in Cumberland. Letters beneath the patterns With John Klein. ; ; 

indicate where major reflections would occur for chlorite or kaolinite (C and K, at 7 A) and illite/mica (I, at Possible explanations for persistent larger inter- 
5 A). (B and C) Rietveld refinement results for John Klein (B) and Cumberland (C), showing observed __ layer spacing in Cumberland include smectite 
(blue) versus calculated (red) patterns, with difference curves at the bottom (gray). Vertical scales show having hydrated interlayers with H,O molecules 
intensity; horizontal scales are 20 (Co Ka). Vertical lines mark the position of the broad 001 basal _ retained by high hydration-energy interlayer cat- 
reflection of collapsed smectite at 10 Ain John Klein and, in Cumberland, a prominent peak at lower 26 _ ions, possibly Mg" (28) or Ca** (30), and partial 
(13.2 A) with a more subdued peak at higher 20 (10 A). pillaring of the interlayer by metal-hydroxyl 
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groups, as with incipient chloritization (3/), that 
would prevent collapse. The nodule-bearing por- 
tions of the mudstone that were drilled for sampling 
pass laterally into mudstone with early-digenetic 
Mg-tich raised ridges described above. These could 
be sources of Mg for cation exchange or incipient 
chloritization, focused more on Cumberland than 
on John Klein. Cation exchange occurs readily, 
with the interlayer cation largely reflecting the 
dominant cation in solution. Incipient chloritization 
by fixation of Mg-hydroxy groups can occur un- 
der surficial conditions when exposed to Mg-rich 
alkaline fluids, a process observed in some saline 
lakes (32). Hydrothermal fluids may induce this 
change as well (33). 

X-ray diffraction analysis of clay minerals in 
terrestrial laboratories has the advantage of addi- 
tional sample processing, such as preparation of 
oriented mounts, controlled variation of relative 
humidity, treatment with ethylene glycol, and heat 
treatment. These treatments are not possible in 
CheMin on Mars. In addition, a substantial com- 
ponent of smectite classification is in determination 
of trioctahedral or dioctahedral crystal structure 
(the range from full to two-thirds occupancy of 
sites in the octahedral sheet), but this is generally 
accomplished by analysis of the 06/ diffraction 
band at ~1.54 A (trioctahedral, ~71° 28 Co Ka) 
to ~1.50 A (dioctahedral, ~73° 28 Co Ka). This 
is beyond the diffraction range of the CheMin 
CCD detector (~50° 20). However, other com- 
ponents of the diffraction pattern correlate simi- 
larly with this structural difference. The position 
of the maximum in the 02/ band, at ~ 22.5° to 
23.1° 28 Co Ka, corresponds with the range from 
trioctahedral to dioctahedral structures (Fig. 3). 
The 02/ two-dimensional diffraction band is asym- 
metric, is often overlapped by diffraction peaks 
from other phases (e.g., augite), and therefore is 
not as easy to measure as 06/. However, this band 
provides similar information, as its position is 
related to the b unit cell parameter in the same 
way as the 06/ band. The 02/ diffraction band 
maximum for the John Klein and Cumberland 
samples (Fig. 3) is at 22.5°, indicative of a 
trioctahedral clay mineral such as saponite or Fe- 
saponite and not of dioctahedral forms such as 
montmorillonite. Some Fe-bearing dioctahedral 
smectites such as nontronite have similar 02/ bands, 
but the fit is not as good as with saponite. 


Oxide and Sulfide Minerals 


Magnetite is the prominent oxide phase in John 
Klein and Cumberland, as it is at Rocknest 
(23). Magnetite is present at 3.8 weight percent 
(wt%) in the John Klein sample and 4.4 wt% in 
Cumberland (Table 1). These abundances are 
significantly higher than in Rocknest (1.5 wt%). 
As a basic observation, concentration of detrital 
magnetite in sedimentary mudstones is surpris- 
ing. Grains of magnetite (p ~ 5 g/cm”) are not 
expected to be enriched in very fine grained de- 
trital sedimentary rocks otherwise composed of 
olivine, pyroxene, and feldspar (p ~ 2.7 to 3.7). 
By reason of hydraulic equivalence, grains of 
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higher density may be present but are expected to 
be smaller in size, and enrichment should not oc- 
cur (34). Other factors are required for selective 
enrichment, such as free settling of grains in tur- 
bulent flow, selective entrainment of grains from 
a granular bed by flowing water, and shearing of 
grains in a moving granular dispersion (35). How- 
ever, because the Sheepbed mudstone likely formed 
by nonturbulent settling of fines from suspension 
in a body of standing water (8), we expect 
that none of these processes would have been 


influential in causing a hydraulic enrichment of 
heavy minerals. The relatively high abundance 
of magnetite in the Sheepbed mudstone may 
have been caused by authigenesis. Authigenesis 
of magnetite is further suggested by the observa- 
tion that high magnetite abundance is associated 
with loss of Fe-forsterite and the appearance of 
smectites. 

Unit cell parameters of magnetite in the 
mudstone are about 0.2% smaller than for ideal 
magnetite, with a unit cell edge of 8.38 versus 


Table 1. Crystalline and amorphous components (wt%) of the John Klein and Cumberland drill 
powders, compared with the Rocknest scooped eolian deposit (23). Relative 20 errors are com- 
parable to those cited in (22). From plagioclase to pyrrhotite the estimated errors are ~6% of the amount 
shown for abundances of >20%, ~15% for abundances of 10 to 20%, ~25% for abundances of 2 to 
10%, and ~50% for abundances of <2% but above detection limit. Phases marked with an asterisk are at 
or near detection limit. Relative 20 errors are ~50% of the amount shown for smectite and ~60% for the 


amorphous component. 


Mineral Rocknest John Klein Cumberland 
Plagioclase 29.8 22.4 22.2 
Fe-forsterite 16.4 2.8 0.9 
Augite 10.7 3.8 4.1 
Pigeonite 10.1 5.6 8.0 
Orthopyroxene 3.0 4.1 
Magnetite 1.5 3.8 4.4 
Anhydrite 1 2.6 0.8 
Bassanite 1.0 0.7 
Quartz 1.0 0.4* 0.1* 
Sanidine 0.9% 1.2 1.6 
Hematite 0.8* 0.6* 0.7 
Ilmenite 0.7* 0.5* 
Akaganeite 1.1 1.7 
Halite 0.1* 0.1* 
Pyrite 0.3* 

Pyrrhotite 1.0 1.0 
Smectite 22 18 
Amorphous 27 28 31) 


Table 2. Refined unit cell parameters for some of the major crystalline phases in the Rocknest 
soil compared with those for the John Klein and Cumberland mudstone samples. Unit cell 
parameters for the augite in John Klein had large errors and therefore are not reported. 


Mineral Parameter Rocknest John Klein Cumberland 
Fe-forsterite a (A) 10.327(7) 10.323(13) 10.360(34) 
b (A) 6.034(7) 6.048(8) 6.035(24) 
c (A) 4.771(5) 4.793(10) 4.798(23) 
Plagioclase a (A) 8.177(6) 8.183(5) 8.175(4) 
b (A) 12.868(9) 12.891(8) 12.887(6) 
c (A) 7.113(5) 7.127(5) 7.127(4) 
a. (°) 93.43(4) 93.46(5) 93.49(4) 
B (°) 116.26(2) 116.29(2) 116.34(2) 
y(°) 90.13(3) 90.03(4) 90.04(3) 
Augite a (A) 9.782(9) - 9.796(13) 
b (A) 8.939(9) - 8.960(13) 
c (A) 5.269(7) - 5.243(9) 
B (°) 106.25(9) 7 105.94(11) 
Pigeonite a (A) 9.652(9) 9.698(15) 9.698(12) 
b (A) 8.92(1) 8.925(13) 8.925(12) 
c (A) 5.254(7) 5.230(8) 5.230(7) 
B (°) 108.0(1) 108.7(1) 108.5(1) 
Magnetite a (A) 8.39(2) 8.384(5) 8.383(3) 
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8.39 A. A possible explanation of the smaller cell 
size is partial (~20%) oxidation of the ferrous 
iron, toward the ferric defect-spinel maghemite 
(8.33 A) in which some Fe sites are vacated to 
preserve charge balance. Alternatively, substitu- 
tion of smaller cations such as Cr, Mg, or Al 
could account for a smaller unit cell, although it is 
not clear whether sufficient amounts of these are 
present. 

In addition to magnetite, the Rietveld refine- 
ments are consistent with small amounts of il- 
menite and hematite in the mudstone samples. 
Also present is akaganeite, B-FeO(OH,Cl), which 
is a possible oxide host for Cl. It has been pre- 
viously suggested (36), based on mid-IR and 
visible-near-IR spectra, that akaganeite may be a 
precursor to hematite observed from orbit on 
Mars, but the same study concluded that goethite 
was a more likely precursor. However, the mud- 
stone at Yellowknife Bay is not a typical martian 
surface material and the colors of the mudstone 
beneath its reddish dust mantle are substantially 
different (Fig. 1). Akaganeite was detected in both 
mudstone samples, but not at Rocknest. Akaganeite 
at its type locality on Earth (37) occurs as an 
alteration product of pyrrhotite, a sulfide that is 
also found in the Yellowknife Bay mudstone but 
not in the Rocknest sample (Table 1). Occurrence 
of this association at Yellowknife Bay may be 
evidence ofa similar alteration relationship. Some- 
what higher abundance of akaganeite in Cumberland 
than in John Klein (Table 1) suggests that it could 
be a component of concretion formation, espe- 
cially of hollow nodules that appear to be twice 
as abundant at Cumberland as at John Klein. 


Sulfate Minerals 


Veins of Ca sulfate, believed to be gypsum, have 
been detected by the MER rover Opportunity at 
the western edge of Cape York on the rim of 
Endeavor crater (38). Calcium sulfate hydrates, 
including both gypsum and bassanite, have been 


Table 3. Compositions of major crystalline phases 
in the Rocknest soil compared with those for 
the John Klein and Cumberland mudstone sam- 
ples, based on unit cell parameters in Table 2. 


Rocknest 
Fe-forsterite (Mgo.62(3)F€o.38)2Si04 
Plagioclase (Cao.57(13)Nao.43)(Aly.57Siz,43)0g 
Augite (Cao.75(4)Mgo.88(10)F€o.37)Si20¢ 
Pigeonite (Mg1.13(9)F€0.68(10)CA0.19)Si20¢ 
John Klein 
Fe-forsterite (Mgo.51(5)F€o.49)2Si04 
Plagioclase (Cao.44(12)Nao 56)(Aly.4aSiz.s¢)Og 
Pigeonite (Mg1.08(12)F€0.82(7)CAo.10) Si20¢ 
Cumberland 
Fe-forsterite (Feg.54Mgo.46(12))25iO4 
Plagioclase (Cao.43(11)Nao.57)(Aly.435i2.57)0g 
Augite (Cao.82(5)M9o.68(13)Fo.50)Si206 
Pigeonite (Mg1.08(11)F€0.80(6)CAo.12)Si20¢ 
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inferred from OMEGA and CRISM orbital 
spectroscopy in multiple locations on Mars 
(39, 40), but with a lack of hydration bands at 
visible-near-IR wavelengths, anhydrite has been 
elusive. 

CheMin XRD data show that the Sheepbed 
mudstone contains bassanite and anhydrite (Table 
1). Anhydrite was also detected in the Rocknest 
eolian deposit. We have found no XRD evidence 
for gypsum in either Rocknest or the two mud- 
stone samples. However, Mastcam hydration in- 
dex measurements are consistent with the presence 
of gypsum in some of the veins crossing the mud- 
stone, showing that the vein system might con- 
tain all three of the principal Ca sulfate phases. 
Specifically, Mastcam’s longest-wavelength filter 
(1013 + 21 nm) can detect the 2v,; + v3 H,O 
combination absorption band and/or the 3v OH 
overtone absorption band in specific hydrated 
minerals (16, 27, 41). Calibrated Mastcam spectra 
show evidence for hydration associated with some 
light-toned, Ca sulfate—bearing features in the 
Sheepbed unit, including some veins (Fig. 4, A 
and B) and some fillings within hollow nodules. 
However, the hydration signature is not universal 
in these light-toned features; several narrow veins 
observed in the John Klein vicinity show no 
evidence for hydration. From comparisons with 
laboratory reflectance spectra of Ca sulfate min- 
erals convolved to Mastcam bandpasses (Fig. 4C), 
the hydration signature near 1013 nm is consist- 
ent with the presence of gypsum but not bassanite 
or anhydrite (24). The presence of some Ca sul- 
fate veins that exhibit the Mastcam hydration 
signature and others that do not, with apparent 
lower hydration in thinner veins, is in accord with 
XRD observation in the drill samples of bassanite 
and anhydrite but not gypsum. 

Before the John Klein drill sample was col- 
lected, observations by LIBS, supported by APXS 
analyses of some veins, had indicated widespread 
association of Ca and S in light-toned veins and 
filling hollow nodules in Yellowknife Bay. The 
LIBS and APXS data and Mastcam spectral inter- 
pretations suggest hydrogen associated with some 
but not all of these light-toned materials. The drill 


Fig. 3. Comparison of 02I dif- 
fraction bands of John Klein and 
Cumberland with other smectites. 
The 20 range is selected to contain 
the maximum intensity positions (in 
A) and profiles of the 02/ diffraction 
bands. Smectites used for compari- 
son include a range of trioctahedral 
(e.g., saponite SapCa-1) to dioctahedral 
(e.g., montmorillonite STx-1) smectites. 
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locations for John Klein and Cumberland were 
deliberately targeted to collect samples of the 
mudstone matrix with as little sulfate veining 
as possible (Fig. 1, A and C). Nevertheless, hair- 
line fractures and fillings within hollow nodules 
were observed on borehole walls (24), and these 
are likely the principal or sole hosts of Ca sul- 
fate minerals in the John Klein and Cumberland 
samples. 

Bassanite does not have a stability field at 
pressures less than 235 MPa (42), far in excess of 
the maximum pressure (~50 MPa) that would 
be attained if the Sheepbed mudstone had been 
buried under ~5 km of sediment (a possibility 
because the mudstone could be exhumed from 
beneath the 5-km-high stratigraphy of Mt. Sharp). 
Bassanite in the mudstone is not in equilibrium, 
but it may persist for long periods because of the 
unique surface conditions on Mars. Bassanite is 
relatively rare on Earth because it readily hydrates 
to form gypsum, even at low relative humidity. 
However, the very low vapor pressure of H,O 
in the atmosphere of Mars may favor persistence 
of bassanite (43, 44). Although nominal near- 
equatorial surface conditions are unlikely to desiccate 
gypsum to form bassanite (44), moderate increase 
in temperature or decrease in partial pressure of 
H0 could lead to destabilization of gypsum and 
formation of bassanite (45, 46). 

Bassanite forms in many different ways on 
Earth. Examples include dissolution-reprecipitation 
after gypsum in sabkha environments (47), gyp- 
sum dehydration in endoevaporitic microbial com- 
munities under slightly alkaline conditions (48), 
alteration of carbonates in acid-sulfate systems 
(49), and dehydration of gypsum dunes (50) or 
arid sedimentary rocks (5/) in desert environments. 
Bassanite of undetermined origin also occurs 
along with gypsum in soil of the Transantarctic 
Mountains (52). In most of these bassanite occur- 
rences on Earth, the associated or precursor Ca 
sulfate is gypsum because bassanite is often a 
product of gypsum dehydration. In these repre- 
sentative studies, association of bassanite with 
anhydrite, as in the John Klein sample, does 
not occur and is apparently rare. This is probably 
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because temperatures of anhydrite formation are 
generally high enough not to favor a metastable 
bassanite precursor, and hydration of anhydrite is 
likely to go directly to gypsum. 

Anhydrite is a common mineral on Earth, al- 
though it hydrates to form gypsum in sufficiently 
humid environments. Hydration rates for “solu- 
ble anhydrite” (having remnant channel structure 
similar to bassanite) are relatively rapid; hydra- 
tion rates are much slower for insoluble anhydrite 
(53). Where activity of pore waters is above ~0.9 
and up to 1.0, anhydrite is the stable Ca sulfate 
mineral at burial depths where temperatures rise 
above ~50° to 58°C [e.g., (54)]. The temperature 
of this transition decreases as H2O activity de- 
creases, and thus the occurrence of anhydrite, in 
the absence of other information, can be a poor 
guide to past temperatures. However, if an an- 
hydrite occurrence carries other information that 
constrains the activity of water, it is a reasonable 
indicator of elevated temperature. Moreover, per- 
sistence of anhydrite, as of bassanite, indicates a 
lack of postformation hydration. 

Low-pH acid-sulfate weathering has long been 
proposed for many locations on Mars [e.g., (55)]. 
Acid-sulfate weathering was likely to have been 
much more pervasive in the Noachian, when ma- 
jor impacts had substantial influence on hydro- 
sphere chemistry (56). In the well-studied Burns 
formation of Meridiani Planum, the occurrence 
of Fe sulfate phases such as jarosite is evidence of 
such conditions, with diagenesis related to per- 
sistent groundwater of high ionic strength (57). 
The absence of Fe sulfates at John Klein and 
Cumberland, and the presence of Ca sulfates in- 


937 to 1013 nm slope x 10-4 nm 


Fig. 4. Mastcam “hydration signature” data for veins in the Sheepbed 
unit at the target “Knorr” acquired on sol 133, sequence mcam00805. 
(A) Colors indicate regions where the 937- to 1013-nm spectral slope is 
negative and below a threshold consistent with the spectra of many hydrated 
minerals (24). (B) Mastcam RO color image of the Knorr veins at the same scale 
as in (A). (C) Comparison of Mastcam relative reflectance [R* (24)] spectra of 
the Knorr veins and host rock with laboratory reflectance spectra (65) of three 
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stead, is evidence of an environment with low 
ionic strength and circumneutral pH. 


The X-ray Amorphous Component 


The amorphous component of the mudstone may 
represent soil or eolian fines accumulated along 
with crystalline detritus in the mudstone, but the 
nature and origin of the amorphous component is 
poorly known. Estimated composition of the amor- 
phous component in the mudstone (24) varies 
depending on the assumed composition of the 
phyllosilicates but generally indicates a relatively 
Si-poor material enriched in Fe, S, Cl, and P. The 
estimated compositions of amorphous material in 
the mudstone are approximately similar to the 
amorphous component of the Rocknest eolian 
deposit (24, 25), but possibly modified during 
diagenesis in the mudstone, including smectite 
formation and subsequent cation exchange or oth- 
er interlayer adjustments. 


Implications of the Sheepbed Mudstone 
Mineral Assemblage 


Detrital plagioclase, clinopyroxenes, and Fe- 
forsterite identified by CheMin are generally 
similar in composition for Rocknest and the 
mudstone samples John Klein and Cumberland 
(Table 3). This suggests a common basaltic source 
for much of the crystalline detritus in both the 
eolian and mudstone samples. The abundance of 
magnetite relative to other crystalline phases in the 
mudstone, however, is in excess of what would be 
expected for likely basaltic source rocks; normalized 
to the igneous detrital minerals the magnetite abun- 
dance rises from 2.1 wt% in Rocknest to 8.7 wt% 


O 


sampled. 


in John Klein and 9.5 wt% in Cumberland. Abun- 
dant magnetite in the mudstone could indicate 
either authigenic formation or a mechanism of 
sedimentary accumulation. The XRD data alone 
cannot distinguish between these origins, but the 
mudstone sedimentary context (8) argues against 
detrital accumulation of heavy minerals. 

Occurrence of gypsum, bassanite, and anhy- 
drite in veins transecting the Yellowknife Bay for- 
mation is a disequilibrium association. Persistence 
of bassanite and anhydrite places limits on post- 
diagenesis hydration. The Sheepbed mudstone min- 
eralogy favors both formation and preservation 
of the markers of habitability, having been formed 
in an aqueous depositional environment with late 
diagenesis limited to fractures that are isolated 
from the sediment matrix and with little or no 
evidence of hydrous alteration following late 
diagenesis. 

The phyllosilicate in John Klein is triocta- 
hedral and likely a saponitic smectite. The clay 
mineral in Cumberland appears to be genetically 
related, with an almost identical 02/ band, although 
its interlayer constituents are different. The greater 
basal spacing of the Cumberland smectite may 
reflect intercalation of Mg-hydroxy interlayers. 
Tendency toward interlayer modification may be 
widespread on Mars, as indicated by spectral studies 
that point to the common occurrence of smectite/ 
chlorite mixed-layer clay minerals (58). 

Smectites in the mudstone could be detrital, 
neoformed, or formed from primary phases by au- 
thigenic alteration (59). Any of these origins could 
be compatible with a habitable environment. Rela- 
tive to other basaltic detrital minerals, Fe-forsterite 
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Ca sulfates with different states of hydration and a representative hydroxylated 
phyllosilicate (saponite). Solid lines are full-resolution lab spectra; diamonds 
indicate lab spectra values convolved to Mastcam bandpasses; vertical gray 
line indicates location of Mastcam hydration band. The anhydrite and gypsum 
data are offset by +0.25 and +0.1 reflectance units, respectively. Error bars in 
the Mastcam spectra represent the standard deviations of the group of pixels 
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is disproportionately reduced in John Klein and 
is almost absent in Cumberland. Assuming an 
initial presence of olivine in proportions consist- 
ent with typical martian basaltic compositions 
[as at Rocknest (9)], the loss of Fe-forsterite in 
the mudstone is likely to be a consequence of al- 
teration during authigenic formation of clay min- 
erals. This conclusion is supported by evidence 
of isochemical alteration (/9) as well as evidence 
of diminished Fe-forsterite abundance associated 
with proportional increase in magnetite and ap- 
pearance of clay minerals (Table 1). Analogous 
alteration of Fe-forsterite is the central process in 
forming saponitic, trioctahedral clay minerals plus 
magnetite in chondritic meteorites at temperatures 
of <100°C (60). In the Sheepbed mudstone this 
process may be related to concretion formation, per- 
haps associated also with formation of akaganeite. 
Consequences of such a reaction could include 
lower Eh (oxidation potential), higher pH that favors 
intercalation of Mg-hydroxy interlayers in the clay 
minerals, and possibly production of H> gas that 
might account for the voids in the hollow nodules. 
This scenario of Fe-forsterite “‘saponitization’” is 
conjectural but worth consideration. The possible 
formation of H, gas as part of this process could 
be another component of habitability, providing a 
potential energy source for chemolithoautotrophs. 

The clay mineral in John Klein has a diffrac- 
tion pattern suggestive of a smectite that retains 
swelling capacity, but the signature of the clay 
mineral in Cumberland is less definitive. Indeed, 
the larger basal spacing of the clay mineral in 
Cumberland suggests that it is either hydrated or 
expanded by some form of intercalation. Further- 
more, the persistence of hydration over 30 sols in 
the warm body of the rover (5° to 25°C) at very 
low relative humidity is unlikely, so we favor the 
interpretation of a structural modification. Differ- 
ences in clay mineralogy over such a short distance 
between two samples indicate variable diagenetic 
modification in a mineralogically immature sedi- 
mentary rock. 

The lack of collapsed and highly ordered illite 
or chlorite in the Sheepbed member mudstone 
argues against prolonged, deep burial at elevated 
temperature. In terrestrial shales, development of 
corrensite or chlorite generally requires alteration 
temperature in excess of ~60° to 80°C [e.g., (6/)]. 
Absence of such clay mineral modification, be- 
yond the proposed incipient chloritization and 
partial intercalation of Mg-hydroxy interlayers in 
clay minerals of the Cumberland sample, suggests 
alteration at temperatures lower than this. This is 
a fairly loose constraint at Gale crater, as com- 
plete burial of the crater may have resulted in a 
maximum burial temperature of only ~75°C (62). 
As noted above, formation of late-diagenetic an- 
hydrite from solutions of low salinity (/9) may 
indicate temperatures above ~50°C; however, these 
solutions probably originated at depth from zones 
at higher temperature. In summary, evidence from 
the mudstone mineralogy supports modest authi- 
genesis temperatures but does not constrain depth 
of burial. 
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The preponderance of clay mineral formation 
on Mars, with associated habitable environments, 
has been attributed to Noachian processes (63). 
Estimated ages for the Sheepbed mudstone are 
poorly constrained, but sediments in the Gale cra- 
ter mound are no older than Late Noachian/Early 
Hesperian (64) and the Yellowknife Bay forma- 
tion is likely no older than Early Hesperian (8). 
The Sheepbed member provides an example of an 
environment where clay mineral formation con- 
tinued to occur beyond the end of the Noachian 
Epoch. 
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Sedimentary rocks examined by the Curiosity rover at Yellowknife Bay, Mars, were derived 

from sources that evolved from an approximately average martian crustal composition to one 
influenced by alkaline basalts. No evidence of chemical weathering is preserved, indicating arid, 
possibly cold, paleoclimates and rapid erosion and deposition. The absence of predicted 
geochemical variations indicates that magnetite and phyllosilicates formed by diagenesis under 
low-temperature, circumneutral pH, rock-dominated aqueous conditions. Analyses of diagenetic 
features (including concretions, raised ridges, and fractures) at high spatial resolution indicate that 
they are composed of iron- and halogen-rich components, magnesium-iron-chlorine—rich 
components, and hydrated calcium sulfates, respectively. Composition of a cross-cutting dike-like 
feature is consistent with sedimentary intrusion. The geochemistry of these sedimentary rocks 
provides further evidence for diverse depositional and diagenetic sedimentary environments 


during the early history of Mars. 


hortly after leaving its landing site at 
Bradbury Landing in Gale crater, the Mars 
Science Laboratory Curiosity rover traversed 
to Yellowknife Bay (/), where it encountered a 
flat-lying, ~5.2-m-thick succession of weakly in- 
durated clastic sedimentary rocks ranging from 
mudstones at the base to mainly sandstones at 
the top (2). Stratigraphic relationships and sedi- 
mentary structures indicate that this coarsening- 
upward succession likely represents sedimentation 
in an ancient fluvio-lacustrine system that would 
have been habitable. Also preserved is a spectrum 
of diagenetic features, including concretions; void 
spaces with a variety of sizes, geometries, and 
origins; early diagenetic fractures (“raised ridges”’) 
filled with banded (possibly silicate) cements; 
possible sedimentary dikes; and a later diagenetic 
fracture system filled with sulfate cements. All of 
these features indicate extended postdepositional 
aqueous fluid flow through the rocks (2). 
Curiosity fully applied its analytical payload 
to investigate these sedimentary rocks and deter- 
mine lithological, textural, chemical, mineralogical, 
and isotopic compositions and their stratigraphic 
relationships (2-4). The payload of Curiosity 
includes two instruments capable of measuring 
elemental abundances. The alpha particle x-ray 
spectrometer (APXS) determines abundances on 
~2.25 cm? surfaces and, when used in conjunc- 
tion with the dust removal tool (DRT) or drilling 
system, can analyze relatively clean surfaces and 
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drill cuttings. The laser-induced breakdown spec- 
trometer (LIBS), part of the ChemCam remote 
sensing suite, detects atomic emission spectra 
from areas of ~0.1 to 0.3 mm? (depending on 
standoff distance), more than two orders of mag- 
nitude smaller than APXS. LIBS offers the ad- 
ditional capability of laser depth profiling (including 
surface dust removal) of up to ~1000 um. These 
instruments provide complementary data by re- 
vealing both bulk rock compositions and com- 
positions that can be related directly to textural 
features. 

On Earth, the elemental geochemistry of 
clastic sedimentary rocks provides information 
central to interpreting sedimentary history, in- 
cluding chemical weathering history, nature and 
composition of the sediment provenance, sedi- 
ment transport, and diagenetic history (5—/0). 
In turn, geochemical understanding of these 
issues constrains many fundamental geological 
questions such as paleoclimates, tectonic relation- 
ships, basin evolution, diagenetic fluid flow, and 
even crust-mantle evolution (7, //—/5). Findings 
from instruments onboard the Mars Exploration 
Rovers Spirit and Opportunity, orbital spectros- 
copy, and experiments using Mars-like compo- 
sitions show that such approaches are applicable 
to sedimentary environments on Mars, where pri- 
mary igneous compositions and aqueous condi- 
tions may differ from our terrestrial experience 
(12, 16-24). Accordingly, we report elemental 


geochemistry of the ancient sedimentary rock 
succession, including its diagenetic features, 
preserved at Yellowknife Bay; evaluate these 
compositions in terms of the sedimentary his- 
tory of this habitable paleoenvironment within 
Gale crater; and place them within the context 
of martian surface environments early in the 
planet’s history. 


Yellowknife Bay Stratigraphy 


The geology, stratigraphy, sedimentology, and 
diagenetic history of Yellowknife Bay are de- 
scribed in (2). The sedimentary sequence, in- 
formally named the Yellowknife Bay formation, is 
subdivided into three members (Fig. 1) that like- 
ly were deposited in a prograding alluvial fan 
fluvio-lacustrine depositional system and in- 
fluenced by at least two distinct diagenetic events. 
The formation is likely Hesperian in age but 
poorly constrained and could lie in a range from 
early Hesperian (~3.7 to 3.4 billion years ago), if 
part of the early Gale crater fill, to late Hesperian 
or early Amazonian (~3.4 to 1.5 billion years ago), 
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if coeval with the nearby Peace Vallis alluvial fan 
exposed in Gale crater (2). 

The stratigraphically lowest Sheepbed mem- 
ber (>1.5 m thick), whose base is not exposed, 
is composed of gray-colored, bedded mudstone. 
Fine-grained texture, laterally extensive decimeter- 
scale bedding, and stratigraphic relationships in- 
dicate deposition from suspension, likely in a 
distal alluvial fan lacustrine (or less likely playa) 
environment but possibly as ash fall. Early di- 
agenetic textures, which were formed before or 
during lithification, include millimeter-scale nod- 
ules interpreted as concretions, millimeter-scale 
rimmed “hollow nodules” interpreted as void 
space (possibly formed by gas expulsion during 
early diagenesis), and narrow centimeter-sized 
intersecting “raised ridges” laterally correlative 
to nodules and hollow nodules. These ridges, 
whose margins are lined by resistant isopachous 
cements, are interpreted as diagenetic cracks 
formed in early lithified sediment, probably by 
reactions involving pore fluids [see figures 6, A 
to C, and 7 in (2)]. The upper ~50 to 75 cm of 
the Sheepbed member weathers more recessively 
than underlying beds and possesses higher abun- 
dances of both early and late diagenetic fea- 
tures. For geochemistry, we further subdivided 
the Sheepbed member into lower and upper 
parts with the boundary ~30 cm beneath the 
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Fig. 1. Geological context and locations of analyses. (A) HiRISE image 
(part of PSP_010573_1755) showing geological relationships of the Yellowknife 
Bay formation, location and names of APXS analyses, locations of ChemCam 
LIBS analyses, and names of ChemCam targets, Tukarak and McGrath (also an 
APXS target), discussed in the text. The inset shows expanded Navigational 
camera overhead projection of the region where drilling of the Sheepbed 
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Gillespie Lake member to evaluate compositional 
transitions into the overlying stratigraphic unit. 
The Gillespie Lake member is ~2.0 m thick 
and overlies the Sheepbed member with a sharp, 
likely erosional, contact. It consists of thin- to 
medium-bedded, medium- to very coarse-grained 
sandstones with relict centimeter-scale cross- 
bedding. Mars Hand Lens Imager (MAHLI) and 
ChemCam Remote Micro-Imager (RMI) images 
indicate textural immaturity and compositionally 
diverse grains [see figure SD in (2)]. This mem- 
ber was likely deposited in a distal fluvial envi- 
ronment. Gillespie Lake sandstones exhibit little 
primary porosity, suggesting a cemented rock, 
but may contain secondary porosity in the form 
of dispersed millimeter-scale vugs that may re- 
sult from leaching of detrital grains or early diage- 
netic phases during fluid circulation or perhaps 
selective loss of readily degraded mudstone in- 
traclasts during weathering (2). The Sheepbed 
(including early diagenetic features) and Gillespie 
Lake members are both cross-cut by a network 
of later diagenetic (post-lithification) intersecting 
fractures of variable thickness (hairline to ~8 mm) 
filled with light-toned cement, identified as Ca 
sulfate by a variety of measurements (see below). 
These filled fractures are most abundant within 
the uppermost Sheepbed member, and the bright 
cements also fill hollow nodules, where they 
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intersect with fractures. Also cross-cutting the 
upper Sheepbed member is a ~8-cm-wide dike- 
like feature termed the “snake,” that terminates 
in a small anticline within the middle Gillespie 
Lake member, and is interpreted as a sedimen- 
tary dike injected as a result of high pore pressures 
that developed during rapid burial (2). A detailed 
1.5-m stratigraphic section, termed the Selwyn 
Section, was measured across the Sheepbed— 
Gillespie Lake contact (Fig. 1 and fig. S1). 
The upper Glenelg member (~1.7 m thick) 
is lithologically heterogeneous (2). The lower 
~40 cm (e.g., Point Lake outcrop) is poorly un- 
derstood but possesses abundant millimeter- to 
centimeter-scaled voids. Possible interpretations 
include a debris flow, a volcaniclastic layer, a gas- 
charged sedimentary sill (perhaps related to the 
“snake’’), or a vesicle-rich volcanic flow (although 
there is no evidence for a nearby contemporane- 
ous volcanic source). Some voids and cross-cutting 
fractures are filled with light-toned minerals, 
identified as Ca sulfate by ChemCam, reminiscent 
of fracture fillings in the Sheepbed and Gillespie 
Lake members. We assume that this part of 
the Glenelg is also sedimentary but are mind- 
ful of this uncertainty. Other parts of the Glenelg 
member (e.g., Shaler outcrop) consist of com- 
monly cross-bedded interstratified sandstones and 
recessive finer grained sediment and was likely 


(2) ee 
i 


= Bathurst Inlet 


outcrop 


outcrop 


re } Rocknest 
outcrop Shaler 
s ‘outcrop 
: <_ Point Lake 


Lithology 


Cross-stratified Sandstone (SS) 


SSS 
ee Sandstone (SS) 
a 


Siltstone 
Mudstone (MS) 


go “The snake” 
| JK/CL John Klein/Cumberland drill sites 


member took place (John_Klein and Cumberland) and where the Selwyn Sec- 
tion (targets between Snake_River and Ungava) was examined. Additional 
details of sample locations, including the ChemCam target names, are shown 
in figs. $1 to S7. (B) Stratigraphic section of the Yellowknife Bay formation 
at Yellowknife Bay. Also shown is the stratigraphic relationship of the cross- 
cutting dike-like feature termed “the snake” [adapted from (2)]. 
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deposited mainly by fluvial processes, with paleo- 
currents indicating a source derived from the di- 
rection of the crater rim. At the top of this member 
are discontinuous fine-grained beds (e.g., Bathurst 
Inlet), in some cases with distinctive chemical 
compositions and possibly with distinctive ori- 
gins (see below). 


Mineralogical and Geochemical Constraints 
from CheMin and SAM 


Two locations within the upper Sheepbed mem- 
ber, corresponding to APXS targets John_Klein 
and Cumberland, were drilled, with recovered 
powders being sieved (<150 um) and delivered 
to CheMin and SAM (Sample Analysis at Mars) 
for x-ray diffraction (XRD) analysis of mineralogy 
and chemical-isotopic measurements of evolved 
gases using gas chromatography, quadrupole mass 
spectrometry, and tunable laser spectrometry (3, 4). 
Unsurprisingly for clastic sediments, both sam- 
ples are composed of nonequilibrium mineral as- 
semblages including primary igneous and a variety 
of secondary phases, notable for a ~30 to 40% 
amorphous component (including allophane-like 
material) and ~20% trioctahedral phyllosilicates. 
The remaining crystalline mineralogy includes (in 
decreasing amount) plagioclase, pyroxene, mag- 
netite, Ca sulfate (anhydrite, bassanite), forsteritic 
olivine (John Klein only), akaganeite, sanidine, 
pyrrhotite, and possibly (<1 to 2%) hematite, il- 
menite, pyrite, quartz, and halite. The exact min- 
eralogy of the trioctahedral phyllosilicates is not 
fully constrained, but they consist of a ~10 A 
collapsed saponitic smectite in John Klein and, 
in Cumberland, clay minerals with both ~10 A 
and ~13.2 A spacing, possibly reflecting poorly 
formed vermiculite (lacking the 7 A peak) or a 
smectite with either an interlayer cation with high 
hydration energy (e.g., Mg) or metal-hydroxy 
groups (i.e., incipient chlorite). SAM analyses 
are also consistent with smectite, sulfates, sul- 
fides, and Fe oxides; oxychlorine compounds 
(e.g., chlorate and/or perchlorate) are indicated 
as well. Both instruments indicate heterogeneous 
Fe and S redox states. Mass balance calculations 
provide estimates of the chemical compositions 
of the combined amorphous component plus phyl- 
losilicates and remaining crystalline minerals, and 
these compositions (4) are used below. 


Clastic Sedimentary Rocks 


Yellowknife Bay S- and Cl-free compositions (all 
on weight percent basis) determined by APXS 
(25) (tables S1 to S4) correspond to iron-rich 
basalt (i.e., mostly <48% SiO5, mostly >20% 
FeOy, ~8 to 10% MgO, ~200 to 900 ppm Ni). 
Alkalis are variable (~3 to 6% Na2,O + KO; 
K,0/Na20 ratio ~ 0.2 to 1.3). CaO is highly 
variable (~5 to 25%), but values above ~7% 
correspond to high SO3, indicative of elevated 
levels of Ca sulfate. Typical for the martian sur- 
face, both SO3 and Cl are mostly elevated in 
APXS observations, in part because of surface 
soil and dust contamination. On brushed sur- 
faces, APXS measurements of SO3 are as low 
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as 0.9% (Werneke_ Brush, the analysis on the 
brushed surface of the Werneke target), which 
suggests that the sedimentary rocks may have 
no more than | to 2% SO; on average. On the 
other hand, Cl abundances are higher than in 
most martian soils (26), reaching 1.9% and com- 
monly leading to low S/Cl ratios. Elevated Cl 
abundances (21%) are likely a primary rock 
feature rather than just resulting from soil or 
dust coatings, consistent with the presence of 
oxychlorine compounds, akaganeite, and possi- 
bly halite (3, 4). 

Up to 9% magnetite in the crystalline com- 
ponent of Sheepbed mudstone drill samples 
was detected by XRD (4). We cannot complete- 
ly exclude the possibility that very fine-grained 
magnetite was delivered as part of the detrital 
load into a lake environment, but on balance the 
geochemistry suggests that this magnetite is not 
detrital. For example, there are no systematic 
relationships between the FeO;/MgO ratio and 
FeO; abundance that could be explained by 
magnetite variations; no evidence from XRD (4) 
for enrichments of other minerals that might be 
expected to form part of a heavy mineral suite 
(e.g., spinels) nor correlations with related struc- 
tural elements of these minerals (e.g., Cr, Ti); 
and no geochemical evidence, from APXS or 
ChemCam, for detrital magnetite enrichments 
(e.g., Fe enrichment) in immediately overlying 
Gillespie Lake sandstones, where heavy minerals 
might be expected to concentrate even more. 
Absence of geochemical evidence for detrital 
magnetite is also consistent with deposition of 
the Sheepbed mudstones from suspension into 
a lake, where heavy mineral concentrations are 
unlikely (2, 4). Thus, magnetite is most likely a 
diagenetic phase rather than a detrital component. 

Geochemical relationships are well illus- 
trated in ternary diagrams plotting mole frac- 
tions Al,O3-(CaO + Na2O)-K;O (i.e., A-CN-K) 
and Al,O3(CaO + Na,O + K,0)-(FeO; + MgO) 
(i.e, A-CNK-FM) (Fig. 2). On these diagrams, 
igneous minerals plot on or below the plagioclase— 
K-feldspar (A-CN-K) and feldspar-FM (A-CNK- 
FM) joins, whereas secondary clay minerals plot 
above (27). The chemical index of alteration (CIA), 
defined as 100 x [A(A +C+N + K)], reveals 
any chemical weathering history by quantifying 
the systematic loss of relatively mobile elements 
(i.e., Ca, Na, K) from silicate minerals, and the 
scale is plotted beside the A-CN-K diagrams. 
For mafic sources, CIA values above ~40 to 45 
in bulk sediment suggests some chemical weather- 
ing history, and values above ~50 to 55 provide 
fairly compelling evidence for open system weather- 
ing (J0). ChemCam (Fig. 2, C and D) analyzed 
many more targets than APXS (Fig. 2, A and B), 
and given the strategy of using its greater spatial 
resolution to target textural features (e.g., veins, 
ridges, grains), more scatter is both expected and 
observed. Mission experience so far indicates a 
slight instrument bias with ChemCam data plot- 
ting at higher Al,O; on these diagrams than APXS, 
especially for alkali-rich compositions. Nonethe- 
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less, the analyses provide consistent geochem- 
ical trends. 

Lower Sheepbed and Gillespie Lake bulk rock 
compositions (Fig. 2, A and B) are very tightly 
grouped and are slightly more mafic than aver- 
age martian crust (closer to FM apex). Most up- 
per Sheepbed samples plot in a similar position, 
but several trend toward the CN and CNK apexes, 
where Ca sulfate plots. ChemCam analyses (Fig. 
2, C and D) show a more complete linear trend, 
with one end member defined by Ca sulfates within 
the light-toned fractures and filled hollow nod- 
ules that were targeted for analysis. The Glenelg 
member has bulk compositions that common- 
ly differ from both average crust and Sheepbed/ 
Gillespie Lake, with less relative amounts of 
FeO; + MgO and higher KO in some samples; 
these characteristics were confirmed by ChemCam 
analyses, which also showed evidence for de- 
trital feldspar (Fig. 2D). An analysis of APXS 
data for the Yellowknife Bay formation samples 
Bathurst Inlet and Rocknest3, as well as the float 
rocks Jake_Matijevic (Jake_M) and Et_Then on 
Bradbury Rise (which have been inferred to be 
volcaniclastic or igneous), shows that the ele- 
mental relationships among these rocks are con- 
sistent with physical mixing between Bathurst 
Inlet-like and Jake Mike material with addition 
of an Fe-rich cement or rind, especially apparent 
in Et_Then (28). Some ChemCam analyses plot 
above the plagioclase—K-feldspar and feldspar- 
FM joins, suggesting phyllosilicate-rich targets, 
consistent with the identification of phyllosili- 
cates by XRD (4). In addition, some ChemCam 
Sheepbed analyses plot closer to the FM apex, 
consistent with the identification of Mg-Fe-Cl- 
rich phases associated with raised ridges (also 
observed in the McGrath APXS raster) that were 
also targeted for analysis (see below) and the Fe**- 
rich phases identified by XRD (e.g., magnetite, 
akaganeite, and possibly hematite). 

Despite identifying phyllosilicates in Sheep- 
bed mudstones by XRD (4) and inferring them 
from ChemCam (Fig. 2, C and D), the geochem- 
istry of the Yellowknife Bay formation provides 
scant support for any substantial chemical weath- 
ering history affecting the sources or the sedi- 
ment during transport into the depositional basin. 
During circumneutral pH weathering, clay min- 
erals form at the expense of primary igneous 
phases, with loss of mobile elements. As a result, 
bulk sedimentary rock compositions that have 
been influenced by weathering, including those 
derived from mafic sources, typically plot above 
the plagioclase—K-feldspar and feldspar-FM joins 
(29-31). Similarly, any clay minerals that formed 
by hydrothermal alteration (e.g., impact-related) 
in surrounding regions and transported into the 
Yellowknife basin would also carry comparable 
distinct chemical signatures (22, 32-34). Nor is any 
evidence observed for low-pH alteration conditions 
in the form of Fe** mobility and associated forma- 
tion of Fe** sulfates, such as that observed by the 
Spirit and Opportunity rovers (35-37). During trans- 
port, clays would concentrate more in fine-grained 
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sediment (i.e., Sheepbed) than in associated coarse- types (including clay minerals and magnetite) is thereby mask evidence for chemical weather- 
grained sediment (i.e., Gillespie Lake), but no observed in the bulk analyses of either unit. ing (27). However, on a plot of CIA versus SO3 
evidence for the predicted geochemical fraction- One complicating factor is that secondary Ca _ content (Fig. 3), this clearly is not the case. At 
ation related to hydraulic segregation of sediment — sulfate might lower the apparent CIA values and high SOs, indicative of sulfates, CIA falls to lower 
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Fig. 2. Al,O3-(CaO + Na20)-K,0 and Al,03-(CaO + Na2O + K,0)-(FeO; + 
MgO) ternary diagrams. (A and B) APXS data; (C and D) ChemCam data. 
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Jake_Matijevic (Jake_M) (45), modeled compositions of John_Klein and 
Cumberland crystalline and clay + amorphous materials (4), and arrows rep- 
resenting typical trends observed for terrestrial weathering profiles on basalts 
(65). The insets of (A) and (B) are expanded views of the main cluster of data. 
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values as expected, whereas at lower SO3, CIA 
levels off to values typical of martian mafic ig- 
neous rocks; such findings indicate that none of 
these samples has witnessed a substantial chem- 
ical weathering history. This is also consistent with 
sample positions on the A-CNK-FM diagram 
(Fig. 2B). Accordingly, formation of phyllosili- 
cates within Sheepbed mudstones likely resulted 
from diagenetic processes that did not notice- 
ably influence bulk rock composition, implying 
rock-dominated (i.e., low water/rock ratio) post- 
depositional aqueous fluid conditions. 

Both major and trace elements exhibit strat- 
igraphic trends (Fig. 4). To avoid variations in 
absolute abundances imparted by simple dilu- 
tion effects of Ca sulfate, we plotted ratios among 
elements most often associated with siliciclastic 
components. On a plot of K,0/A1,03 versus 
TiO/Al,O3 (Fig. 4A), the Glenelg member in- 
cludes samples with higher K,0/Al,03 and gen- 
erally slightly more variable TiO,/A1,O; relative 
to samples from the Sheepbed and Gillespie 
Lake members. The two analyses from the rock 
Bathurst Inlet, from the top of the Glenelg mem- 
ber, are especially distinctive in having the highest 
K,O/AILO; ratios. These differences are interpreted 
to represent a notable change in the provenance 
from which sediment particles were derived to 
include more alkali-rich basalts higher in the 
stratigraphic section. 

Subtle differences in bulk composition also 
exist within the Sheepbed member itself, with the 
upper part of the member having slightly lower 
and more variable TiO2/Al,03 (x = 0.104, SD = 


0.011) than the lower part (x = 0.116, SD = 
0.006). This could also be a subtle provenance 
effect (38, 39), although relationships between 
TiO,/AI,O3 ratio and overall bulk composition 
are complex in detail, especially because all com- 
positions are basaltic (/2, 40). In addition, small 
variations in plagioclase content that are ultimate- 
ly related to sedimentary sorting effects (24) could 
also play a role in changing the TiO,/AI,O; ratio 
(Fig. 4A). 

Stratigraphic variations in APXS trace ele- 
ments are summarized on a plot of Cr/Ni versus 
Zn/Ni (Fig. 4B). In this case, the Glenelg mem- 
ber has higher and/or more variable ratios than 
the Sheepbed member, related to combinations 
of elevated Zn and Cr and lower Ni. There is also 
a difference between the Gillespie Lake sand- 
stone and Sheepbed mudstones, related mainly 
to lower Ni in the former, although only a single 
high-quality analysis is available for the Gillespie 
Lake member. Major elements indicate a similar 
provenance, so the reason for this is not clear. A 
heavy mineral effect is one possibility but would be 
more likely to cause an enrichment of Cr (chro- 
mite) rather than depletion of Ni in the sandstones. 
Thus, in Glenelg sandstones, Ni is similarly low 
(~200 to 400 ppm) as in the Gillespie Lake sand- 
stone sample, but Cr reaches very high levels 
(>5000 ppm) consistent with a heavy mineral 
(chromite) enrichment predicted by fluvial pro- 
cessing (4/). Within the Sheepbed member, the 
upper part has lower Cr/Ni and Zn/Ni, related 
mainly to higher Ni, consistent with a slightly 
different but still mafic provenance. 
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Lithium contents measured by ChemCam (42) 
also reveal a stratigraphic trend (Fig. 4C): Sheep- 
bed mudstones have low and uniform Li abun- 
dances (x = 4.3 ppm; SD = 2.4 ppm), whereas Li 
abundances in the overlying units are greater by a 
factor of ~2 and are much more variable. Although 
secondary aqueous processes such as hydrothermal 
activity can enrich Li (43), and even though evi- 
dence for centimeter-scale Li redistribution is 
observed in diagenetic raised ridges (see below), 
this range for average values probably cannot be 
distinguished from variations in basaltic prove- 
nance, given our limited understanding of Li dis- 
tributions in the martian crust-mantle system. 


Early Diagenetic Features 


Efforts were made to characterize chemical and 
mineralogical controls on concretion formation within 
the Sheepbed member. Numerous ChemCam ob- 
servations were directed at concretions, but no 
systematic differences were observed, limiting 
compositional differences between concretion 
and host sediment to less than ~10% for major 
elements. APXS analyses of drill fines from 
concretion + hollow nodule-rich (Cumberland) 
and concretion + hollow nodule-poor (John_Klein) 
areas were also examined (25) (table S5). Sam- 
ples delivered to the internal instruments (CheMin 
and SAM) that determined mineralogy (3, 4) are 
preferable and can be analyzed by APXS after 
being dumped onto the surface when CheMin and 
SAM analyses are complete (as for John Klein). 
However, at the time of writing, Curiosity was 
still carrying the Cumberland sample, and conse- 
quently it has not been analyzed by APXS; in- 
stead APXS analyzed the fines that accumulated 
around the drill hole from the drilling process. 
Additionally, imaging of drill hole walls indi- 
cates that John Klein has greater amounts of Ca 
sulfate—filled fractures (see below). A two-stage 
calculation was thus performed to evaluate re- 
sults. First, 5% anhydrite was removed from the 
John_Klein composition to put SO; at similar 
concentrations in both samples, and to be broadly 
consistent with the relative amounts of Ca sulfate 
obtained from maps of veins in drill hole walls 
(4). Second, two gain-loss calculations were per- 
formed assuming that Ti and Al, respectively, are 
constant between samples. Elements enriched 
(taken as >5% in both calculations) in Cumberland 
include Fe, Ca, Cl, Br, Ni, and Ge. Elevated Ca is 
difficult to interpret given the Ca sulfate in frac- 
tures, but elevated Fe, Cl, Br, and Ni are consistent 
with small amounts of a minor mineral such as 
akaganeite, identified by XRD, forming at least 
part of the concretion cement (4). 

ChemCam and APXS analyses of isopachous 
cements within early diagenetic raised ridges in- 
dicate the presence of a Mg-Fe-Cl-tich phase (or 
assemblage). ChemCam confirms that the amount 
of MgO is as high as ~17%, and in places is ac- 
companied by elevated Li (Fig. 5A). The ob- 
servation that Li and Mg are not well correlated 
across the different layers of isopachous cements 
(e.g., right side of image in Fig. 5A) suggests a 
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complex origin. APXS rasters on the raised- 
ridge target McGrath further indicates that Fe is 
elevated and that both Mg and Fe correlate with 
Cl, although enrichment of any chloride phase 
or oxychlorine compound explains only a tiny 
part of the Mg-Fe variation (Fig. 5B). A mass 
balance calculation, using the highest and lowest 
APXS Mg0O analyses from the McGrath raster 
(McGrath-R1 and -R2) and assuming that the 
component is ~20% of the rock, indicates a 
composition of ~45% Si02, ~35% FeOy, ~18% 
MgO, ~3% Cl, and ~1300 to 1500 ppm each for 
Ni, Zn, and Br (25) (table S6). Such a com- 
position cannot be accommodated by any single 
phase identified in the drilled samples by XRD, 
but perhaps is consistent with a mixture of Mg- 
rich, Al-deficient smectitic clay (e.g., hectorite, 
stevensite) and halogen-bearing Fe oxides (e.g., 
akaganeite). 


Late Diagenetic Features 


Both ChemCam and APXS provide constraints 
on the mineralogy of cross-cutting late diage- 
netic light-toned fractures, including filled hol- 
low nodules. ChemCam shots on these features 
(Fig. 5C) show elevated Ca, S, and in places 
H, indicating multiple hydration states of Ca 
sulfate. ChemCam also measured elevated Sr 
content (up to 450 ppm) in the fracture fills 
(Fig. 5C), as expected for Ca sulfate (44). The 
presence of multiple Ca sulfate minerals is also 
consistent with CheMin XRD analyses that 
identified anhydrite and bassanite (but not gypsum) 
and MastCam visible-near infrared (VNIR) spec- 
troscopy that suggests that some fracture fills are 
hydrated, possibly indicating gypsum (4). Finally, 
APXS raster analysis on the fracture fill target 
Sayunei also indicates the presence of Ca sulfates 
through a correlation between CaO and SO3, the 
slope of which is consistent with CaSO, stoichi- 
ometry (Fig. 5D). 

The composition of the dike-like “snake” fea- 
ture (Snake River target) may bear on its origin. 
The Snake River major element composition is 
most similar to sedimentary rocks in the lower 
part of the Yellowknife Bay formation and best 
matches the lower Sheepbed member for major 
elements (Fig. 6A); it differs from the Gillespie 
Lake member for S, Cl, and all trace elements 
(Fig. 6B). Although close similarity exists with 
individual analyses of the heterogeneous Glenelg 
member, the “snake” does not compare favorably 
to the Glenelg average for a number of elements 
(Fig. 6C), which suggests that it probably did 
not result from infall of overlying sediment into 
a fracture. These comparisons indicate that the 
composition of the snake is consistent with a 
sedimentary dike—as suggested from stratigraphic 
relationships (2)—that intruded from the Sheep- 
bed or other sediments at lower stratigraphic levels 
and that are not currently exposed. In detail, its 
trace element composition differs from all ex- 
posed units (higher Cr, lower Ni) and suggests 
an origin from a different, presumably lower, 
stratigraphic level. 
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Discussion 

Elemental geochemistry reveals a fundamental 
provenance change during deposition of the 
Yellowknife Bay formation. Clastic sediments 
of the Sheepbed and Gillespie Lake members 
were derived from a source similar to the aver- 
age martian crust but slightly more mafic and 
Fe-rich (SiO> ~ 46% versus 49%; FeOy ~ 21.5% 
versus 18%), whereas high-K alkaline igneous 
rocks contribute substantially to the Glenelg mem- 
ber provenance. The change in provenance may 
be related to erosional evolution of drainage 
basins feeding the alluvial fan system. Down- 
cutting fluvial channels in the catchment of the 
fan system may have encountered a distinct al- 
kaline basalt bedrock lithology (likely related to 
Jake_Matijevic-type composition) or captured a 
drainage underlain by such lithologies leading 
to the abrupt change in sediment provenance. 
On the other hand, alkaline basalts of the type 
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suggested to be incorporated into Glenelg sedi- 
ments are rare on Earth (45); having them rep- 
resent a dominant provenance component in 
distal facies of a fluvial system is unexpected 
and could suggest that such rocks, which have 
also been observed in Gusev crater (46), are 
more common on Mars than previously thought 
(45-47). An alternative possibility is that an exotic 
source of alkaline basalts was locally introduced 
into the basin, by way of volcanic ash or flows, 
and represents relatively small volumes of alka- 
line basalt that in turn were locally recycled and 
preserved as volcaniclastic layers. This scenario 
is consistent with the observation that high-K 
signatures appear restricted to certain beds with- 
in the Glenelg member. Given the limited strat- 
igraphic distribution that has been studied (the 
Glenelg member exhibiting the high-K signature 
represents only ~1.7 m of a ~5-m section), it is 
not possible to distinguish whether relatively local 
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Fig. 4. Geochemical relationships within the Yellowknife Bay formation highlighting strat- 
igraphic variations. (A) APXS K20/Al,03 versus TiO2/Al,03; (B) APXS Cr/Ni versus Zn/Ni; (C) his- 
tograms of ChemCam Li abundances also showing mean (red circle), standard deviation (black bar) and 
95% confidence interval (blue bar; also the uncertainty reported on the averages). The compositions of 
average martian crust (12), local soil (64), the rock Jake_Matijevic (45), average Cl chondrite (22) and 
plagioclase are shown for reference. Also shown in (B) are mixing lines between average martian crust 
and the Ekwir_Brush target and average Cl chondrite. 
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or more regionally exposed high-K lithologies 
caused the provenance change, and thus the scale 
of any potential alkaline igneous province is not 
well constrained from the sedimentary data. 
Martian soils likely contain a small (~1 to 
3%) meteoritic component (48), and estimates 
of crustal composition (notably Ni) are derived 
by assuming a 2% meteoritic soil component 
(12). Sheepbed mudstones, if deposited in an 
ancient lake that represented the terminus of a 
watershed, might be expected to contain me- 
teoritic material that was swept into the basin. 
Provenance effects alone can explain the levels 
of Ni (~450 to 850 ppm) in the Sheepbed mem- 
ber, given the slightly more mafic and Fe-rich 
composition relative to average martian crust. 
However, trace element data are also consistent 
with a modest meteoritic contribution. Modeling 
the effects of adding an average Cl-type carbo- 
naceous chondrite composition to average martian 
crust and to one of the brushed lower Sheepbed 


Fig. 5. Geochemical con- 
straints on diagenetic fea- 
tures within the Yellowlnife 40.0 
Bay formation. (A) ChemCam 
RMI image of the McGrath 5.0 
target “raised ridge” that is 
dipping gently to the upper 
right. The inset shows LIBS 
MgO and Li transects for 20 
shots taken a cross the fea- 
ture. Shown for reference is 
the average MgO of McGrath, 
determined by APXS. Note 
elevated and correlated Mg 
and Li at the site of the raised 
ridge. Also note that elevated 
Mg (but not Li) is observed on 
the right side that likely rep- 
resents the outer layer of the 
cement, exposed on the dip- 
ping surface. (B) APXS raster 
analysis for McGrath show- 
ing elevated Fe and Mg that 
correlate with Cl. Note the 
break in the scale on the y 
axis. A model of MgCl, addi- 
tion is shown to illustrate that 
the correlation is not due sim- 
ply to the presence of chloride 
phases. (C) ChemCam RMI 
image of a late diagenetic 
light-toned fracture at the 
Tukarak target. Location of a 
3x3 LIBS raster is shown; re- 
sults for Ca, S and Sr, relative 
to their position in the raster, 
are given in the inset table. 
(D) APXS raster analysis on 
late diagenetic light-toned 
fracture at the Sayunei tar- 
get. The inset shows the plot 
of CaO versus SO3, with a 
model illustrating the effects 
of CaSO, addition. 
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analyses (Ekwir Brush) shows that the low Cr/Ni 
and Zn/Ni ratios of the Sheepbed member are 
consistent with ~1 to 4% CI component, with a 
larger amount in the upper part of the member 
(Fig. 4B). For typical Cl-type chondritic com- 
positions (49), a 1 to 4% meteoritic component 
could also deliver as much as ~300 to 1200 ppm 
of organic C, consistent with low levels of car- 
bon detected by SAM (3). 

Sediment chemistry, by constraining chemi- 
cal weathering intensity, is one of the few tools 
available to evaluate paleoclimate in the absence 
of a fossil record (10, 50, 57). Low CIA values 
and positions on A-CN-K and A-CNK-FM dia- 
grams for the Yellowknife Bay formation (Fig. 2) 
indicate very limited chemical weathering before 
deposition. The similarity between major ele- 
ments of the Gillespie Lake bedload-dominated 
sandstones and Sheepbed member suspended 
load—dominated mudstones also suggests that the 
fluvial system carried a very high ratio of solid 
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to dissolved river loads (L,/Lq), which in turn 
results from both arid conditions and rapid 
erosion and transport (5/, 52) and could have 
been further enhanced by cold conditions that 
would kinetically inhibit chemical weathering 
reactions. Accordingly, Yellowknife Bay forma- 
tion geochemistry is consistent with some combi- 
nation of a highly arid, possibly frigid, climate 
and/or a high-relief fluvial system, and probably 
both. On early Mars, impact processes may have 
aided in the generation of sedimentary particles, 
increasing the efficiency of physical denudation 
(53, 54). Surface waters with low Lg would be sub- 
stantially different from the ancient surface waters 
of high ionic strength suggested at Meridiani 
Planum (55), even though both apparently record 
evidence of an arid climate system. Despite the 
suggested arid conditions, relatively small amounts 
of chemical sedimentation (e.g., sulfates, carbon- 
ates, chlorides) may be expected in the Yellowknife 
Bay sedimentary system. In addition, to the degree 
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Fig. 6. Comparison diagrams for the dike-like feature, termed the “snake. 
(A to C) APXS composition of the Snake_River target compared to (A) lower 
Sheepbed member average, (B) Gillespie Lake member sample, and (C) Glenelg 
member average. The upper Sheepbed is not used for this comparison because 
relative to the lower Sheepbed, its geochemistry is more heavily influenced by 


that this surface water contributes to the regional 
groundwater system, it would also tend to promote 
dilute, circumneutral pH, subsurface aqueous 
conditions. 

Elemental geochemistry also provides con- 
straints on diagenetic history. The uniform bulk 
rock compositions of Sheepbed mudstones are 
particularly important in this respect. Sheepbed’s 
suite of complex diagenetic features suggests that 
postdepositional aqueous alteration took place at 
combined low water/rock ratios and pH levels 
modest enough that mineralogical changes took 
place under nearly isochemical conditions; very 
little mass has been removed from the system. 
Therefore, the broad array of secondary min- 
erals identified by XRD—including saponitic 
phyllosilicates, magnetite, akaganeite, hematite, 
and perhaps a substantial part of the amorphous 
component—needs to be explained by plausible 
reactions taking place within the sediment (4). 

One important exception is that Ca sulfates 
found in fractures, voids, and hollow nodules 
were later “added” to the rock, as inferred from 
textural and geochemical relationships; that is, 
these Ca sulfates were not formed by local redis- 
tribution of elements during the earlier stage of 
diagenesis that transformed the Sheepbed sed- 
iment to rock. Thus, at least two distinct diag- 
enetic fluid events took place with distinct fluid 
chemistry. The first fluid event (perhaps more than 
one such event given the mineralogical complex- 
ity, including coexistence of magnetite, akaganeite, 
pyrrhotite, and possibly hematite and pyrite) re- 
sulted in the mineral assemblage within the host 
sediment (and perhaps the Fe-Mg-Cl-rich assem- 
blage associated with early diagenetic raised ridges). 
Plausible reactions that could be involved include 
olivine (+ Al) — saponite + magnetite (4) and 
pyrrhotite (+ pyrite?) — akaganeite (— hematite?), 
the latter of which would be promoted by CI - 
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bearing fluids that also could have promoted 
concretion formation. Some time after lithifi- 
cation, an additional fluid event, presumably 
originating from deeper within the section and 
associated with fracturing of the mudstone, 
injected fluids that became saturated with respect 
to Ca sulfate (typically early-precipitated min- 
erals in evolving brines) because of changing 
chemistry and/or pressure and temperature con- 
ditions. These fluids precipitated sulfates within 
the fractures and filled any void spaces that the 
fractures intersected, including the hollow nod- 
ules. Although considerable modeling and exper- 
imental effort will be required to fully understand 
these processes, it is possible to construct simple 
forward thermochemical aqueous models broadly 
consistent with these observations (25) (fig. S8). 

Our findings add to the growing evidence 
for highly diverse sedimentary environments on 
early Mars (2, 56, 57). The Burns formation of 
Meridiani Planum is the only sedimentary se- 
quence that has been studied in situ in com- 
parable detail and is of similar age—if anything, 
even older (20, 57, 58). Although both represent 
clastic sedimentation derived from basalt sources 
and influenced by complex groundwater diagen- 
esis, the sedimentary history is strikingly differ- 
ent. For example, where the Burns formation 
preserves evidence for groundwater of very low 
pH and very high ionic strength, the Yellowknife 
Bay formation had relatively dilute circumneutral 
groundwater. Where the Burns formation is dom- 
inated by chemically precipitated constituents 
(sulfates, chlorides) derived from evaporation of 
acidic brines, Yellowknife Bay mudstones contain 
very little in the way of chemically precipitated 
constituents and, apart from cross-cutting Ca sulfate 
veins, the secondary mineralogy formed mostly 
within a largely closed geochemical system. Where- 
as the basaltic debris within the Burns formation 
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diagenetic features (e.g., Ca sulfate veins, concretions). The diagonal green line 
represents equal compositions. Error bars (if larger than the symbol size) rep- 
resent 26 errors for individual samples (Snake_River, Gillespie Lake) and one 
standard deviation on the mean for averages (Lower Sheepbed member, Glenelg 
member). Significant differences in composition are shown as red symbols. 


was substantially chemically weathered before 
deposition, Yellowknife Bay detritus appears to 
be essentially unweathered. Orbital spectroscopic 
mapping suggests that surface aqueous environ- 
mental conditions on early Mars (late Noachian) 
evolved from circumneutral clay-rich to acidic sulfate- 
rich settings (59), analogous to the early Earth where 
evolving global surface environments are also re- 
flected in the broad sweep of the geological record 
(60). However, on Mars, just as on Earth, geolog- 
ical complexities inevitably emerge when the sedi- 
mentary record is examined closely. 


Materials and Methods 


APXS is a well-established analytical technique on 
Mars, providing quantitative abundance data for 
major and minor elements, including S, Cl, and 
trace elements Cr, Ni, Zn, Ge, and Br (6/7). Ana- 
lytical details are provided in (25); Yellowknife 
Bay formation results are provided in tables S1 
to S4. Multiple APXS analyses were sometimes 
obtained on the same rock but at different loca- 
tions. In some cases (e.g., Bathurst Inlet), both 
analyses are considered because they represent 
slightly different stratigraphic levels. However, 
where multiple analyses were made at a single site, 
such as drill sites (e.g., John Klein, Cumberland) 
and APXS “rasters” (e.g., Sayunei, McGrath), the 
analysis with lowest SO3 was selected as most 
representative of the sedimentary rock because 
brushed surfaces indicate low SO3 and because 
mapping of borehole walls suggests that Ca sul- 
fate abundances correlate with diagenetic light- 
toned veins and hollow nodule fills. APXS “‘rasters” 
involving multiple closely spaced measurements 
were used on two diagenetic features: fracture fills 
(Sayunei) and raised ridges (McGrath). These re- 
sults are provided in table $4, which also includes 
the suggested sedimentary dike (Snake_River analy- 
sis). The ChemCam LIBS instrument provides 
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semiquantitative analyses for major and some 
minor and trace elements (e.g., Ba, Rb, Sr, Li) 
using multiple laser pulses (shots) on targets 
~350 to 550 um in diameter from distances of up 
to 7 m (62, 63). The first ~5 shots remove surface 
dust, and the rock analyses are based on averages 
of subsequent shots. Further analytical details are 
provided in (25). 
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Mars’ Surface Radiation Environment 
Measured with the Mars Science 
Laboratory's Curiosity Rover 
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Scot Rafkin,* Jennifer L. Eigenbrode,® David E. Brinza,* Gerald Weigle,” Stephan Bottcher,” 
Eckart Bohm,” Soenke Burmeister,” Jingnan Guo,” Jan Kohler,” Cesar Martin,” Guenther Reitz,° 
Francis A. Cucinotta,’” Myung-Hee Kim,® David Grinspoon,” Mark A. Bullock,? Arik Posner,?° 
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The Radiation Assessment Detector (RAD) on the Mars Science Laboratory's Curiosity rover began 
making detailed measurements of the cosmic ray and energetic particle radiation environment 
on the surface of Mars on 7 August 2012. We report and discuss measurements of the absorbed 
dose and dose equivalent from galactic cosmic rays and solar energetic particles on the martian 
surface for ~300 days of observations during the current solar maximum. These measurements 
provide insight into the radiation hazards associated with a human mission to the surface of Mars 
and provide an anchor point with which to model the subsurface radiation environment, with 
implications for microbial survival times of any possible extant or past life, as well as for the 
preservation of potential organic biosignatures of the ancient martian environment. 


he radiation exposure on the surface of 
| Mars is much harsher than that on the sur- 
face of the Earth for two reasons: Mars 
lacks a global magnetic field to deflect energetic 
charged particles (/), and the martian atmo- 
sphere is much thinner (<1%) than that of Earth, 
providing little shielding against the high-energy 
particles that are incident at the top of its atmo- 
sphere. This environmental factor, for which there 
is no analog on Earth, poses a challenge for fu- 
ture human exploration of Mars (2—9) and is also 
important in understanding both geological and 
potential biological evolution on Mars. The ra- 
diation environment on Mars has been previously 
estimated and modeled (/0-/7). Here, we report 
in situ measurements of the ionizing radiation 
environment on the surface of Mars; these can 
be used to test and validate radiation transport 
models. 

There are two types of energetic particle 
radiation incident at the top of the Mars atmo- 
sphere, galactic cosmic rays (GCRs) and solar 
energetic particles (SEPs). Both GCRs and SEPs 
interact with the atmosphere and, if energetic 
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enough, penetrate into the martian soil, or reg- 
olith, where they produce secondary particles (in- 
cluding neutrons and y-rays) that contribute to 
the complex radiation environment on the mar- 
tian surface, which is quite unlike that observed 
at the Earth’s surface. 

GCRs are high-energy particles [10 mega- 
electron volt per nuclear particle (MeV/nuc) to 
>10 GeV/nuc], fluxes of which are modulated by 
the heliosphere and anticorrelated with solar 
activity (18). The composition varies slightly de- 
pending on solar modulation, with the proton abun- 
dance in the range of 85 to 90%, helium ions 
~10 to 13%, electrons ~1%, and ~1% heavier 
nuclei (/9, 20). Because of their high energies, 
GCRs are difficult to shield against and can 
penetrate up to several meters into the martian 
regolith. SEPs are produced in the solar corona 
as a result of high-energy processes associated 
with flares, coronal mass ejections (CMEs), and 
their corresponding shocks. SEP events are spo- 
radic and difficult to predict, with onset times on 
the order of minutes to hours and durations of 
hours to days. SEP fluxes can vary by several 
orders of magnitude and are typically dominated 
by protons, but composition can vary substan- 
tially (21). SEP protons and helium ions with 
energies below ~150 MeV/nuc (“soft” spectrum 
events) do not penetrate to the martian surface. 
Typical column depths of the martian atmosphere 
at Gale crater are on the order of 20 g/cm’, 
thus energetic particles with energies less than 
~150 MeV lose all of their energy before passing 
through this amount of material. However, during 
“hard spectrum” events ions can be accelerated to 
energies well above 150 MeV/nuc, with substan- 
tial fluxes reaching the martian surface. In all 
events, secondary neutrons produced by SEPs in 


D> 
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the atmosphere can reach the surface. The Ra- 
diation Assessment Detector (RAD) measure- 
ments reported here cover observations of GCRs 
as well as hard and soft SEP events seen from the 
martian surface. Together with the radiation en- 
vironment results from RAD inside the Mars Sci- 
ence Laboratory (MSL) spacecraft during its 
cruise to Mars (22), these measurements corre- 
spond to all three phases (outbound interplan- 
etary journey, Mars surface stay, and return 
journey) of a human Mars mission at this time 
in the solar cycle and thus are directly relevant to 
planning for future human missions. 

If martian life exists, or existed in the past, 
it is reasonable to assume it is or was based on 
organic molecules (23, 24) and will therefore 
share with terrestrial life the vulnerability to ener- 
getic particle radiation (25, 26). Thus, we present 
here extrapolations of the RAD surface dose 
measurements (using transport models) to the 
martian subsurface, with implications for es- 
timating lethal depths and microbial survival 
times (26-30). The radiation environment on 
Mars may also play a key role in the chemical 
alteration of the regolith and martian rocks over 
geologic time scales, affecting the preserva- 
tion of organics, including potential organic bio- 
signatures of the ancient martian environment 
(26, 27). The RAD surface measurements pro- 
vide a baseline for inferring the flux in these 
more shielded environments (by validating and 
anchoring transport models) and thus the foun- 
dation for understanding the limits to preserva- 
tion of organic matter in the soil and rocks of 
Gale crater. 


Results and Discussion 


The Curiosity rover landed successfully on Mars 
in Gale crater at ~4.4 km MOLA (Mars Orbiter 
Laser Altimeter) altitude on 6 August 2012. On 
7 August 2012, the RAD began taking obser- 
vations of the radiation environment on Mars, 
incidentally 100 years to the day after the discov- 
ery of cosmic rays on Earth by Victor Hess from 
a balloon in Austria (3/). The results reported here 
are time series of absorbed dose rate, the average 
absorbed dose rate and average dose equivalent 
rate, and Linear Energy Transfer (LET) spectra 
for ~300 sols (1 martian sol = 24 hours 39 min.) 
from 7 August 2012 to 1 June 2013. 

The radiation dose rate measured by RAD 
on the Mars surface during the first 300 sols on 
Mars is shown in Fig. 1, near the maximum of 
solar cycle 24. The GCR dose rate can be seen 
to vary between 180 and 225 microgray (uGy)/ 
day, owing to the combined effects of diurnal 
variations from atmospheric pressure changes, 
Mars seasonal variations at Gale crater, and helio- 
spheric structure variability due to solar activity 
and rotation. 

The diurnal dose rates vary by a few percent 
because of diurnal change in the Mars atmospheric 
column, as can be seen in Fig. 2A, which shows 
data obtained between sols 290 and 302. This 
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diurnal variation of the total atmospheric column 
mass is related to the daily thermal tides that Mars 
experiences each sol, by which the direct heating 
of the martian atmosphere by the Sun produces 
global-scale waves that redistribute atmospheric 
mass (33). Comparison of the RAD dose rate to 
the Rover Environment Monitoring Station (REMS) 
(34) atmospheric pressure measurements shows 
there is an anticorrelation between total dose rate 
and atmospheric pressure (Fig. 2B), which in turn 
is directly related to column depth. 

On the Mars surface, during the 300-day pe- 
riod near the maximum of solar cycle 24, we found 
an average total GCR dose rate at Gale crater 
(—4.4 km MOLA) of 0.210 + 0.040 mGy/day, 
compared with 0.48 + 0.08 mGy/day measured 
during cruise inside the MSL spacecraft (Fig. 3 
and Table 1). The difference in dose rate is driven 
by several influences: First, the shielding of the 
lower hemisphere provided by the planet reduces 
the dose rate by a factor of ~2. Second, further 
deviations from this factor of two are due to in- 
teractions of primary GCRs with the nucleons 
in the atmosphere (and soil). Additionally, the 
effective atmospheric shielding is thicker than 
the spacecraft shielding of the instrument during 
cruise. The dose rate is also influenced by the mod- 
ulation of the GCR flux by the sun—a stronger 
solar modulation results in overall lower GCR 
fluxes and thus lower dose rates. The solar mod- 
ulation parameter during the surface mission to 
date has been ~577 MV, whereas the average 
during cruise was ~635 MV (resulting in lower 
effective GCR flux). 

We find the average quality factor <Q> on the 
martian surface to be 3.05 + 0.3, compared with 
3.82 + 0.3 measured during cruise. This smaller 
<Q> is due to the thicker shielding in the field of 
view (FOV) on the surface because during cruise, 
approximately half of the RAD FOV was lightly 
shielded (< 10 g/cm?) (35). The column depth of 
the martian atmosphere averaged about 21 g/cm* 
over the first 300 sols of Curiosity’s mission. Com- 
bining the tissue dose rate measurement with <Q> 
yields an average GCR dose-equivalent rate on 
the Mars surface of 0.64 + 0.12 millisieverts 
(mSv)/day (Fig. 4). 

The SEP dose was obtained by subtracting 
the average GCR dose rate for the duration of 
the SEP event. It was found to be 50 uGy in the 
less-shielded of the two detectors used for dosim- 
etry. Because the composition of SEP events 
(observed both on the surface and during cruise) 
are dominantly protons, for which <Q> = ~1, the 
dose equivalent from this event was ~SO Sv, ap- 
proximately equal to 25% of the GCR dose equiv- 
alent for the 1-day duration of the event. 

The frequency and intensity of SEP events is 
highly variable and still unpredictable, and al- 
though these observations were made near solar 
maximum, this current solar activity cycle is very 
weak by historical norms (36). Substantial SEP 
events throughout recent history (such as February 
1956, August 1972, and September 1989) have 
been reported and modeled to be several orders 
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of magnitude more intense than those currently 
observed to date by the RAD (37). 


Implications for Future Human 
Missions to Mars 


Combining our measurements with those ob- 
tained during the cruise phase (22), we estimate 
a total mission dose equivalent of ~1.01 Sv fora 
round trip Mars surface mission with 180 days 
(each way) cruise, and 500 days on the martian 
surface for this current solar cycle (Table 2). These 
mission phase durations are based on one possi- 
ble NASA design reference mission (38); many 
mission designs and many mission windows at 


Fig. 1. Time series of radia- 
tion dose rate measured by 
RAD on the surface of Mars. 
During this time, RAD observed 
a dose rate enhancement from 
one hard SEP event on sol 
242 (12 to 13 April 2013) and 
several Forbush decreases (32), 
resulting from soft SEP event- 
related interplanetary coronal 
mass ejections (ICMEs) on sols 
50, 97, 208, and 259. (These 
ICMEs serve as magnetic shields 
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different times in the solar cycle or a different 
solar cycle would result in somewhat different ra- 
diation exposures. Because GCR flux is modu- 
lated by solar activity (decreasing during solar 
activity maximum and increasing during solar 
activity minimum) and the risk for exposure to 
SEPs increases with solar activity, the contribu- 
tion of each to the total mission dose of a future 
Mars mission depends on when in the solar 
cycle the mission occurs (3-6). 


Estimates of Subsurface Dose Rates 


The dose and dose-equivalent rates reported in 
Tables 1 and 2 can be extrapolated to obtain rates 
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against the GCR, thus reduc- 
ing the observed flux.) Occa- 
sional brief gaps can also be 
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Fig. 2. Comparison of RAD dose rate versus time and atmospheric pressure. (A) RAD daily dose 
rate versus time. (B) Comparison of RAD dose rate with REMS atmospheric pressure. 
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below the martian surface by using the surface mea- 
surements to anchor model predictions. Refining 
estimates of the subsurface radiation environment 
is important because in situ regolith-based mate- 
rials are prime candidates for astronaut shelter 
shielding materials in order to reduce or mitigate 
the biological hazards associated with radiation ex- 
posures on future long-duration human missions. 
These improved subsurface radiation estimates give 
insight into the potential for the preservation of 
possible organic biosignatures as a function of depth 
as well as survival times of possible microbial or 
bacterial life forms left dormant beneath the surface. 
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Several studies have modeled the expected sub- 
surface radiation regime (26, 39), but the dose val- 
ues depended until now on the modeled radiation 
environment on the surface. Dartnell et al. (26, 27) 
assumed an absorbed dose of ~150 mGy/year 
at the martian surface, whereas Pavlov ef al. 
(28, 29) assumed an absorbed dose of 50 + 
5 mGy/year. The actual absorbed dose measured 
by the RAD (76 mGy/year at the surface) (Table 3) 
allows for more precise estimations of the sub- 
surface dose. Differences may be in part due to 
differing assumptions in the models about the 
level of solar modulation compared with the 
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Fig. 3. Charged-particle LET spectrum comparison. Shown is a comparison of charged-particle 
LET spectrum measured on the Mars surface (black) with that measured during cruise inside the 
MSL spacecraft (red) with variable shielding (22). The energy deposited in silicon has been con- 


verted to LET in water. 


Table 1. Radiation environment measured by MSL/RAD (2012-2013) (GCR only). Charged- 
particle fluxes for both cruise and surface were calculated by using the single-ended geometric factor 
for a two-detector coincidence (0.90 cm* sr). Fluence rates were calculated by using all hits above 
threshold in a single detector (B, with area 1.92 cm’). Solar modulation was, on average, slightly 
stronger during the first 300 sols on the surface than during cruise. 


RAD measurement Mars surface MSL cruise Units 
Charged-particle flux 

(A * B) 0.64 + 0.06 1.43 + 0.03 cm?/s/sr 
Fluence rate (B) 1.84 + 0.34 3.87 + 0.34 cm?/s 
Dose rate (tissue-like) 

(E detector) 0.21 + 0.04 0.48 + 0.08 mGy/day 
Average Quality Factor <Q> 3.05 + 0.26 3.82 + 0.30 (dimensionless) 
Dose-equivalent rate 0.64 + 0.12 1.84 + 0.30 mSv/day 
Total mission dose equivalent 320 + 50 662 + 108 

[NASA design reference mission (500 days) (2x 180 days) mSv 
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actual level during the measurement period as 
well as the amount of atmospheric shielding 
above the surface. Also, all of the above models 
must assume a rock, ice, or soil density. On the 
basis of compositional and morphological obser- 
vations of the rocks at the John Klein site in 
Gale crater (42), we estimate a rock density of 
2.8 g/cm’, which approximates the density of an 
iron-rich mudstone or siltstone. Although our 
estimates of subsurface dose depend strongly on 
the models we used, they are useful for com- 
parison purposes. The natural background radio- 
activity on present-day Mars is thought to be on 
the order of ~1 wGy/day (43), suggesting that 
GCR radiation is no longer the dominant source 
of radiation below ~3 m. This also implies that 
the effectiveness of regolith-based shielding ma- 
terials no longer improves beyond a thickness 
of ~3 m. 


Implications for Microbial Survival Times 


Energetic particles ionize molecules along their 
tracks. The energy deposited by ionization or ex- 
citation greatly exceeds that required to break 
many molecular bonds—including those in DNA, 
other organic molecules, and water—thus, ionizing 
radiation is extremely damaging to biomolecules 
through both direct and indirect mechanisms. 
Thus, measurements of the surface and subsur- 
face radiation environment are critical for esti- 
mating the survival probability and survival times 
of possible dormant life forms found in the mar- 
tian soil, regolith, rock, and ice. For this, the dose 
rates can be used to calculate the time it would 
take for different bacterial species to accumulate 
a lethal dose of radiation in different subsur- 
face depths (44). 

Even the radioresistant organism D. radiodurans 
would, if dormant, be eradicated in the top sev- 
eral meters in a time span of a few million years 
(28, 29). However, inferred recurring climate 
changes in the post-Noachian era, due to varia- 
tions in the planetary obliquity on time scales of 
several hundred thousand to a few million years 
(45), could lead to recurring periods of metabolic 
activity of these otherwise dormant life forms. 
In this case, it is hypothesized that accumulated 
radiation damages could be repaired, and the 
“survival clock” of such life forms could be re- 
set to zero for the next dormant phase (26, 28), 
which could in turn lead to possible survival to 
present times. It has been (27) estimated that a 
2-m-depth drill was necessary to access viable 
radioresistant cells that may have gone through 
this reanimation step within 450,000 years. Ap- 
plying the RAD dose results, we estimate that 
only a 1-m-depth drill is necessary to access the 
same viable radioresistant cells. 


Implications for the Preservation of Environmental 
Records and Organic Biosignatures 

Whether the bulk of the martian atmosphere 
was lost before the Noachian era (~3.7 to 4.0 bil- 
lion years ago), as recent isotope ratio measure- 
ments by Curiosity suggest (46), or toward the 
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end of the Noachian era (39, 47-49), it is thought 
that the martian surface has had little protection 
from energetic particles for most of its history 
(50). Over such geologic time scales, an enor- 
mous fluence of high-energy charged particles 
(both primary and secondary) has interacted with, 
and most likely altered, the martian regolith, con- 
tributing substantially to the distinct chemistry 
of the martian soil and rocks (5/, 52) and af- 
fecting the preservation of environmental records. 
The assessments of habitability and potential 
biosignatures of any ancient environment depend 
on the robustness of the preserved record, and 
ionizing radiation strongly influences chemical 


Fig. 4. Radiation dose-equivalent 1000 


compositions and structures, especially for water, 
salts, and redox-sensitive components such as 
organic matter (53-56). Carbon isotopic com- 
positions may also be altered in the upper 50 cm 
of rock and soil (28). Organic molecules hold 
high potential for recording biosignatures (57), 
and organic matter (biogenic or abiogenic) may 
provide a source of carbon for habitable envi- 
ronments (42). Our RAD surface measurements 
and subsurface estimates constrain the preserva- 
tion window for martian organic matter after 
exhumation and exposure to ionizing radiation 
in the top few meters of the martian surface. 
Prior studies focused on the top few centimeters 
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Table 2. Mars radiation environment summary during 2012-2013 solar maximum (GCR 
and SEP). The GCR dose rates are per day, and the SEP doses are per event, showing a range from 
the sampling of five (medium-size) SEP events observed during cruise and the one (small) event 
observed on the surface. Although the one SEP event observed on the martian surface was small, it 
is our only statistical sampling to date (materials and methods). 


GCR dose rate GCR dose-equivalent rate SEP dose SEP dose equivalent 
(mGy/day) (mSv/day) (mGy/event) (mSv/event) 
MSL Cruise (22) 0.464 1.84 1.2 to 19.5 1.2 to 19.5 
Mars Surface 0.210 0.64 0.025 0.025 


Table 3. Mars subsurface radiation estimates (scaled to RAD surface measurements). Both 
subsurface dose estimates and dose equivalent rated were determined by scaling HZETRN model 
(40, 41) calculations to RAD surface measurement values (Table 2). 


Effective shielding mass GCR dose rate GCR dose-equivalent rate 


Depth below surface 


(g/cm?) (mGy/year) (mSv/year) 
Mars surface (RAD) 0 76 232 
—10 cm 28 96 295 
-1lm 280 36.4 81 
—2m 560 8.7 15 
-3m 840 1.8 2.9 
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of rock, such as that accessible by the MSL 
drill. Using the amino acid degradation rates 
observed by (58), Pavlov et al. (29) modeled a 
~99.9% decrease in 100—atomic mass unit mol- 
ecules in ~1 billion years at 4- to 5-cm depth. 
The higher dose rate to rocks determined by 
RAD reduces this period to ~650 million years. 
They postulated that higher-mass molecules 
would degrade much faster, assuming a molec- 
ular chemistry comparable with that of amino 
acids. Although this assumption is suitable for 
biomolecules (proteins) of endolithic organisms, 
it is not representative of martian biomolecules 
that survive early diagenesis in sediments, geo- 
logical organic matter in basalts (59), or exo- 
genously delivered organics (60). Degradation 
rates for molecules of other organic chemistry 
are not reported, but survival of organic matter 
in carbonaceous chondrites demonstrates that 
meteoritic organic matter survives ionizing ra- 
diation for billions of years. 

Regardless of the source of martian organic 
matter (meteoritic, geological, or biological), its 
bonds are susceptible to cleavage and radical 
formation by ionizing charged-particle radiation. 
Permanent bond scissions, subsequent cross- 
linking with other radicals, and volatile forma- 
tion can occur. Radicals that are formed from 
cleaved bonds are highly reactive and will react 
with inorganic and organic chemicals in the im- 
mediate environment. In the presence of both 
radiation and reactive environmental chemicals, 
organic matter is highly susceptible to alteration 
and eventual destruction. Irradiation of water 
and hydroxyl (-OH) groups produces free rad- 
icals and molecules (H+, OH+, and H2O>) that 
will oxidize hydrocarbons and aromatic macro- 
molecules to produce small organic salts and 
CO, via Fenton reactions (6/). On Mars, this 
oxidation process is likely accelerated by the 
presence of iron mineral catalysts. Further, ioniz- 
ing radiation plays a key role in the formation 
of oxychlorine compounds in the atmosphere 
(62) and ices (63), which have been deposited in 
sediments (64-66) where they may have under- 
gone radiolysis (52), causing eventual oxidation 
of any organics by the resulting products. 

Although the presence of martian organic 
matter has not been confirmed via in situ ob- 
servation, our RAD measurements suggest that 
the most favorable conditions for finding evi- 
dence of organics on Mars is in rocks or soils 
that have been more recently exposed (such as 
eroded canyon walls or recent impact craters) 
and do not show signs of aqueous activity after 
exhumation. 


Materials and Methods 


The RAD instrument (67) consists of a com- 
bined charged and neutral particle detector, with 
a solid-state detector telescope, CsI calorimeter, 
and plastic scintillator for neutron detection. 
Active coincidence logic discriminates against 
charged particles entering the detector from 
outside the charged-particles telescope’s field 
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Fig. 5. Observations of the April 2013 solar energetic particle (SEP) event 
from Mars’ surface and two locations in space. (A) Dose rate enhancement 
observed on the martian surface by RAD on sol 242 (11 to 12 April 2013), 
while Mars was in solar conjunction. (B) The same SEP event seen from the 
STEREO-B spacecraft, almost magnetically aligned with Mars. (C) The same 
SEP event seen by the GOES-13 satellite in earth orbit, almost 180° away in 


heliospheric longitude. 


of view, and anti-coincidence logic enables de- 
tection of neutrons and y-rays. The RAD has a 
wide dynamic range for charged particles and is 
able to measure all ion species that contribute to 
the radiation exposure on the surface of Mars 
with a geometry factor of 0.9 cm? sr. The RAD 
measures differential fluxes of stopping charged 
particles with energies up to 95 MeV/nuc for 
protons and “He, and up to 450 MeV/nuc for 
°°Fe, Neutral particles are identified in the energy 
range from ~8 MeV to 100 MeV. The dE/dx res- 
olution of the RAD is sufficient to distinguish be- 
tween major particle species. The RAD measures 
dE/dx in silicon, but these measurements can also 
be approximately related to LET in water. The 
RAD dynamic range corresponds to the LET 
range from 0.2 to ~1000 keV/um in water. 
Dose equivalent is determined by convoluting 
the LET spectrum of the measured particles with 
a quality factor, Q(L) (68), that is an approximate 
measure of biological effectiveness of different 
radiation types. Dose is a purely physical quan- 
tity, with units of gray or milligray (1 Gy = 1 J/kg). 
Dose equivalent also has units of joules per kilo- 
gram but is expressed in sieverts or millisieverts. 


Observations of SEP Event on 11 April 2013 


The dose rate time series associated with the SEP 
event enhancement seen on 11 to 12 April 2013 
resulting from an M-class flare on the Sun is 
shown in Fig. 5A. Although the SEP event ap- 
peared relatively weak in terms of flux increase 
as seen from Earth (GOES-13) (69), its energy 
spectrum was hard enough to produce an en- 
hancement of ~30% over the GCR dose rate on 
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the martian surface. The 40- to 100-MeV proton 
flux seen by STEREO-B (70) increased almost 
four orders of magnitude at the peak of this event 
(Fig. 5B). The minimum proton energy required 
to reach the surface in Gale crater is ~150 MeV. 
STEREO-B was leading Mars (in longitude) at the 
time of the event and had similar, but not iden- 
tical, magnetic connection to the Sun. This event 
was the first “hard spectrum” SEP event seen by 
RAD on the Mars surface. Because Mars was in 
solar conjunction at this time, GOES-13 was near- 
ly 180° in heliospheric longitude away, with fluxes 
of >50 and >100 MeV protons increasing by only 
two orders of magnitude (Fig. 5C). This SEP event 
was very broad in heliospheric extent, expand- 
ing to greater than 180° in heliographic longitude 
from the Sun. (This event was not observed by 
STEREO-A, which was trailing Mars at the time.) 
These observations from the RAD provide an ad- 
ditional data point to test models of the three- 
dimensional structure and propagation of SEPs 
through the inner heliosphere. 


References and Notes 

1. M. H. Acuiia et al., Magnetic field and plasma 
observations at Mars: Initial results of the Mars 
Global Surveyor Mission. Science 279, 1676-1680 
(1998). doi: 10.1126/science.279.5357.1676; 
pmid: 9497279 

2. Task Group on the Biological Effects of Space 
Radiation, National Research Council, Radiation 
Hazards to Crews on Interplanetary Missions 
(National Academy of Sciences, Washington, 
DC, 1996). 

3. L. C. Simonsen, J. E. Nealy, L. W. Townsend, J. W. Wilson, 
“Radiation Exposure for Manned Mars Surface Missions,” 
NASA Technical Paper 2979 (1990). 


RESEARCH ARTICLE 


STEREO B HET Protons (15 minutes data) 


12 
April 2013 


GOES 13 Proton Flux (5 minute data) 


10. 


11. 


12, 


13. 


14. 


=A 
Del) 
samt 
wo 


April 2013 


. L. C. Simonsen, J. E. Nealy, “Radiation Protection for 
Human Missions to the Moon and Mars,” NASA Technical 
Paper 3079 (1991). 

. F. A. Cucinotta et al., Space radiation cancer risks and 
uncertainties for Mars missions. Radiat. Res. 156, 682-688 
(2001). doi: 10.1667/0033-7587(2001)156[0682:SRCRAU] 
2.0.C0;2; pmid: 11604093 

. F. A. Cucinotta, M. Durante, Cancer risk from exposure to 
galactic cosmic rays: Implications for space exploration by 
human beings. Lancet Oncol. 7, 431-435 (2006). 
doi: 10.1016/S1470-2045(06)70695-7; pmid: 16648048 

. F. A. Cucinotta, M. H. Kim, L. J. Chappell, J. L. Huff, 
How safe is safe enough? Radiation risk for a human 
mission to Mars. PLOS ONE 8, e74988 (2013). 
doi: 10.137 1/journal.pone.0074988; pmid: 24146746 

. F. A. Cucinotta, L. Chappell, M. Y. Kim, “Space Radiation 
Cancer Risk Projections and Uncertainties—2012,” NASA 
Technical Paper 2013-217375 (2013). 

. 5. P. McKenna-Lawlor, P. Goncalves, A. Keating, G. Reitz, 

D. Matthid, Overview of energetic particle hazards during 

prospective manned missions to Mars. Planet. Space Sci. 

63-64, 123-132 (2012). doi: 10.1016/.pss.2011.06.017 

L. C. Simonsen, J. E. Nealy, “Mars Surface Radiation 

Exposure for Solar Maximum Conditions and 1989 Solar 

Proton Events,” NASA Technical Paper 3300 (1993). 

F. A. Cucinotta, P. B. Saganti, J. W. Wilson, L. C. Simonsen, 

Model predictions and visualization of the particle flux on 

the surface of Mars. J. Radiat. Res. (Tokyo) 43, 35-539 

(2002). doi: 10.1269/jrr.43.$35; pmid: 12793727 

G. De Angelis, M. S. Clowdsley, R. C. Singleterry, 

J. W. Wilson, A new Mars radiation environment model 

with visualization. Adv. Space Res. 34, 1328-1332 

(2004). doi: 10.1016/j.asr.2003.09.059; pmid: 15880920 

P. B. Saganti, F. A. Cucinotta, J. W. Wilson, L. C. Simonsen, 

C. Zeitlin, Radiation climate map for analyzing risks to 

astronauts on the Mars surface from galactic cosmic rays. 

Space Sci. Rev. 110, 143-156 (2004). doi: 10.1023/ 

B:SPAC.0000021010.20082.1a 

F. A. Cucinotta, M. H. Kim, S. I. Schneider, D. M. Hassler, 

Description of light ion production cross sections and 

fluxes on the Mars surface using the QMSFRG model. 

Radiat. Environ. Biophys. 46, 101-106 (2007). 

doi: 10.1007/s00411-007-0099-y; pmid: 17342547 


1244797-5 


Exploring Martian Habitability 


15. M. Y. Kim, M. L. Hayat, A. H. Feiveson, F. A. Cucinotta, 
Using high-energy proton fluence to improve risk 
Prediction for consequences of solar particle events. 
Adv. Space Res. 44, 1428-1432 (2009). doi: 10.1016/ 
j.asr.2009.07.028 

16. T. C. Slaba et al., Coupled Neutron Transport for HZETRN. 
Radiat. Meas. 45, 173-182 (2010). doi: 10.1016/ 
j.radmeas.2010.01.005 

17. F. A. Cucinotta, L. J. Chappell, Updates to astronaut 
radiation limits: Radiation risks for never-smokers. 
Radiat. Res. 176, 102-114 (2011). doi: 10.1667/ 
RR2540.1; pmid: 21574861 

18. L. J. Gleeson, W. I. Axford, Solar modulation of galactic 
cosmic rays. Astrophys. J. 154, 1011 (1968). 
doi: 10.1086/149822 

19. J. A. Simpson, Elemental and isotopic composition of the 
galactic cosmic rays. Ann. Rev. Nuclear Part. Sci. 33, 323-382 
(1983). doi: 10.1146/annurev.ns.33.120183.001543 

20. P. O'Neill, Badhwar-O’Neill 2010 galactic cosmic ray flux 
model—Revised. /EEE Trans. Nucl. Sci. 57, 3148-3153 
(2010). 

21. H. V. Cane et al., The properties of cycle 23 solar 
energetic proton events. A/P Conf. Proc. 1216, 
687-690 (2010). doi: 10.1063/1.3395960 

22. C. Zeitlin et al., Measurements of energetic particle 
radiation in transit to Mars on the Mars Science 
Laboratory. Science 340, 1080-1084 (2013). 
doi: 10.1126/science.1235989; pmid: 23723233 

23. N. R. Pace, The universal nature of biochemistry. 

Proc. Natl. Acad. Sci. U.S.A. 98, 805-808 (2001). 
doi: 10.1073/pnas.98.3.805; pmid: 11158550 

24. D. Grinspoon, Lonely Planets: The Natural Philosophy of 
Alien Life (HarperCollins, New York, 2003). 

25. L. R. Dartnell, lonizing radiation and life. Astrobiology 
11, 551-582 (2011) Astrobiology. doi: 10.1089/ 
ast.2010.0528; pmid: 21774684 

26. L. Dartnell, L. Desorgher, J. Ward, A. Coates, Modelling 
the surface and subsurface martian radiation 
environment: Implications for astrobiology. Geophys. Res. 
Lett. 34, L02207 (2007a). doi: 10.1029/2006GL027494 

27. L. R. Dartnell, L. Desorgher, J. M. Ward, A. J. Coates, 
Martian sub-surface ionising radiation: Biosignatures 
and geology. Biogeosciences 4, 545-558 (2007b). 
doi: 10.5194/bg-4-545-2007 

28. A. K. Pavlov, A. V. Blinov, A. N. Konstantinov, 
Sterilization of Martian surface by cosmic radiation. 
Planet. Space Sci. 50, 669-673 (2002). doi: 10.1016/ 
$0032-0633(01)00113-1 

29. A. K. Pavlov, G. Vasilyev, V. M. Ostryakov, A. K. Pavlov, 
P. Mahaffy, Degradation of the organic molecules in the 
shallow subsurface of Mars due to irradiation by cosmic 
rays. Geophys. Res. Lett. 39, L13202 (2012). 
doi: 10.1029/2012GL052166 

30. S. I. Schneider, J. F. Kasting, Radiation environments on 
Mars and their implications for terrestrial planetary 
habitability, bioastronomy 2007: Molecules, microbes and 
extraterrestrial life, ASP Conf. Series, vol. 420 (2009). 

31. V. F. Hess, Uber Beobachtungen der durchdringenden 
Strahlung bei sieben Freiballonfahrten. Phys. Z. 13, 
1084-1091 (1912). 

32. H. V. Cane, Coronal mass ejections and Forbush 
decreases. Space Sci. Rev. 93, 55-77 (2000). 
doi: 10.1023/A:1026532125747 

33. J. T. Schofield et al., The Mars Pathfinder atmospheric 
structure investigation/meteorology (ASI/MET) 
experiment. Science 278, 1752-1758 
(1997). doi: 10.1126/science.278.5344.1752; 
pmid: 9388169 

34. J. Gomez-Elvira et al., REMS: The Environmental Sensor 
Suite for the Mars Science laboratory Rover. Space Sci. Rev. 
170, 583-640 (2012). doi: 10.1007/s11214-012-9921-1 

35. The larger relative uncertainty in <Q> measured on 
the surface compared with that in cruise is due to 
increased uncertainty in the subtraction of the 
background dose rate coming from Curiosity’s 
radioisotope thermoelectric generator. 

36. Y. Kamide, K. Kusano, Is something wrong with the 
present solar maximum? Space Weather 11, 140-141 
(2013). doi: 10.1002/swe.20045 


1244797-6 


37. M.-H. Y. Kim, A. J. Tylka, W. F. Dietrich, F. A. Cucinotta, 
AGU Meeting, San Francisco, (2012). 

38. B. G. Drake, S. J. Hoffman, D. W. Beatty, Human 
Exploration of Mars Design Reference Architecture 5.0, 
Aerospace Conference, 2010 IEEE, 1-24 (2010). 

39. B. Ehresmann, thesis, Christian-Albrechts-University 
of Kiel, Germany (2012). 

40. HZETRN is the high-charge and -energy (HZE) transport 
code developed at NASA Langley Research Center. It 
computes numerical solutions of the Boltzmann transport 
equation, accounting for ionization energy loss and 
nuclear interactions. 

41. J. W. Wilson et al., “HZETRN: Description of a Free-Space 
lon and Nuclear Transport and Shielding Computer 
Program,” NASA Technical Paper 3495, NASA STI 
Program, Hampton, VA, 1995. 

42. J. P. Grotzinger et al., Mars Science Laboratory 
Mission and Science Investigation. Space Sci. Rev. 
170, 5-56 (2012). doi: 10.1007/s11214-012-9892-2 

43. C. Mileikowsky et al., Natural transfer of viable microbes 
in space. Icarus 145, 391-427 (2000). doi: 10.1006/ 
icar.1999.6317; pmid: 11543506 

44. Baumstark-Khan, and R. Facius, in Astrobiology: 

The Quest for the Conditions of Life, G. Horneck, 
C. Baumstark-Khan, Eds. (Springer Verlag, Berlin, 2001), 
pp. 260-283. 

45. J. Laskar, B. Levrard, J. F. Mustard, Orbital forcing of the 
martian polar layered deposits. Nature 419, 375-377 
(2002). doi: 10.1038/nature01066; pmid: 12353029 

46. C. R. Webster et al., Isotope ratios of H, C, and O in CO2 
and H20 of the martian atmosphere. Science 341, 
260-263 (2013). doi: 10.1126/science.1237961; 
pmid: 23869013 

47. B. Ehresmann, S. Burmeister, R.-F. Wimmer-Schweingruber, 
G. Reitz, Influence of higher atmospheric pressure on the 
Martian radiation environment: Implications for possible 
habitability in the Noachian epoch. J. Geophys. Res. 116, 
106 (2011). doi: 10.1029/2011JA016616 

48. R. Kahn, The evolution of CO on Mars. /carus 62, 
175-190 (1985). doi: 10.1016/0019-1035(85)90116-2 

49. H. Lammer, W. Stumptner, G. J. Molina-Cuberos, in 
Astrobiology: The Quest for the Conditions of Life, G. Horneck, 
C. Baumstark-Khan, Eds. (Springer Verlag, Berlin, 2002). 

50. B. M. Jakosky, R. J. Phillips, Mars’ volatile and climate 
history. Nature 412, 237-244 (2001). doi: 10.1038/ 
35084184; pmid: 11449285 

51. B. C. Clark, Geochemical components in Martian soil. 
Geochim. Cosmochim. Acta 57, 4575-4581 (1993). 
doi: 10.1016/0016-7037(93)90183-W 

52. R. C. Quinn et al., Perchlorate radiolysis on Mars and the 
origin of martian soil reactivity. Astrobiology 13, 
515-520 (2013). doi: 10.1089/ast.2013.0999; 
pmid: 23746165 

53. R. W. Court, M. A. Sephton, J. Parnell, |. Gilmour, Raman 
spectroscopy of irradiated organic matter. Geochim. 
Cosmochim. Acta 71, 2547-2568 (2007). doi: 10.1016/ 

j.gca.2007.03.001 

54. L. R. Dartnell et al., Degradation of cyanobacterial 

biosignatures by ionizing radiation. Astrobiology 11, 

997-1016 (2011). doi: 10.1089/ast.2011.0663; 

pmid: 22149884 

55. L. R. Dartnell et al., Destruction of Raman biosignatures 

by ionising radiation and the implications for life 

detection on Mars. Anal. Bioanal. Chem. 403, 131-144 

(2012). doi: 10.1007/s00216-012-5829-6; pmid: 22349404 

56. P. A. Gerakines, R. L. Hudson, Glycine’s radiolytic 

destruction in ices: First in situ laboratory measurements 

or Mars. Astrobiology 13, 647-655 (2013). 

doi: 10.1089/ast.2012.0943; pmid: 23848469 

57. R. E. Summons et al., Preservation of martian organic 

and environmental records: Final report of the Mars 

biosignature working group. Astrobiology 11, 157-181 

(2011). doi: 10.1089/ast.2010.0506; pmid: 21417945 

58. G. Kminek, J. Bada, The effect of ionizing radiation on the 

preservation of amino acids on Mars. Earth Planet. Sci. Lett. 
245, 1-5 (2006). doi: 10.1016/j.epsl.2006.03.008 

59. A. Steele et al., A reduced organic carbon component 
in martian basalts. Science 337, 212-215 (2012). 
doi: 10.1126/science.1220715; pmid: 22628557 


60. S. Pizzarello, G. W. Cooper, G. J. Flynn, in Meteorites and 
the Early Solar System D. S. Lauretta, H. Y. McSween Jr., 
Eds. (Arizona Press, Tucson, AZ, 2006), 
pp. 625-651. 

61. S. A. Benner, K. G. Devine, L. N. Matveeva, D. H. Powell, 
The missing organic molecules on Mars. Proc. Natl. Acad. 
Sci. U.S.A. 97, 2425-2430 (2000). doi: 10.1073/ 
pnas.040539497; pmid: 10706606 

62. D.C. Catling et al., Atmospheric origins of perchlorate on 
Mars and in the Atacama. J. Geophys. Res. 115, EO0E11 
(2010). doi: 10.1029/2009JE003425 

63. M. H. Hecht et al., Detection of perchlorate and the 
soluble chemistry of martian soil at the Phoenix 
lander site. Science 325, 64-67 (2009). 
pmid: 19574385 

64. Y. S. Kim, K. P. Wo, S. Maity, S. K. Atreya, R. |. Kaiser, 
Radiation-induced formation of chlorine oxides and their 
potential role in the origin of Martian perchlorates. J. Am. 
Chem. Soc. 135, 4910-4913 (2013). doi: 10.1021/ 
ja3122922; pmid: 23506371 

65. D. P. Glavin et al., Evidence for perchlorates and the 
origin of chlorinated hydrocarbons detected by 
SAM at the Rocknest aeolian deposit in Gale Crater. 

J. Geophys. Res. Planets 118, 1955 (2013). 
doi: 10.1002/jgre.20144 

66. L.A. Leshin et al., Volatile, isotope and organic analysis of 
Martian Fines with the Mars Curiosity Rover. Science 341, 
1238937 (2013). doi: 10.1126/science.1238937 

67. D. M. Hassler et al., The Radiation Assessment Detector 
(RAD) investigation. Space Sci. Rev. 170, 503-558 
(2012). doi: 10.1007/s11214-012-9913-1 

68. International Commission on Radiological Protection, 
ICRP Publication 60: 1990 Recommendations 
of the International Commission on Radiological 
Protection. Ann. /CRP 21, 1 (1991). doi: 10.1016/ 
0146-6453(91)90009-6 

69. T. Onsager et al., Operational uses of the GOES energetic 
particle detectors. GOES-8 and Beyond. Proc. SPIE 2812, 
281-290 (1996). doi: 10.1117/12.254075 

70. T. T. von Rosenvinge et al., Space Sci. Rev. 136, 
391-435 (2008). doi: 10.1007/s11214-007-9300-5 


Acknowledgments: This paper is dedicated to Dr. Michael J. Wargo 
at NASA HQ, who passed away unexpectedly on 4 August 
2013. Mike was Chief Exploration Scientist in the Human 
Exploration and Operations Mission Directorate (HEOMD) and 
an enthusiastic supporter of collaborative projects between 
Science and Exploration. He was a strong supporter of RAD 
and a valuable member of both the science and exploration 
communities. He was a good friend and a wonderful human 
being, and he will be greatly missed. RAD is supported by 
NASA under Jet Propulsion Laboratory (JPL) subcontract 
1273039 to Southwest Research Institute and in Germany by 
Deutsches Zentrum fur Luft- und Raumfahrt (DLR) and DLR’s 
Space Administration grant numbers 50QM0501 and 50 
QM1201 to the Christian Albrechts University, Kiel. Part of this 
research was carried out at JPL, California Institute of 
Technology, under a contract with NASA. We extend sincere 
gratitude to J. Simmonds and J. Crisp at JPL; G. Allen, M. Meyer, 
C. Moore, V. Friedensen, and R. Williams at NASA HQ; and 

H. Witte at DLR in Germany for their unwavering support of 
RAD over the years. The authors also thank the reviewers 

for their careful and thoughtful comments and suggestions. 
The data used in this paper are archived in the NASA Planetary 
Data System's Planetary Plasma Interactions (PPI) node at 

the University of California, Los Angeles. The archival volume 
includes the full binary raw data files, detailed descriptions 
of the structures therein, and higher-level data products in 
human-readable form. The PPI node is hosted at 
http://ppi.pds.nasa.gov. 


Supplementary Materials 
www.sciencemag.org/content/343/6169/1244797/suppVDC1 
Full Author List 


16 August 2013; accepted 13 November 2013 
Published online 9 December 2013; 
10.1126/science.1244797 


24 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


EXTENDED PDF FORMAT 
SPONSORED BY 
Travel Grants Available 
AACR Annual Meeting 2014 
Application Deadline: 


January 31* RD 


Apply Now 


http://www.rndsystems.com 


Volatile and Organic Compositions of Sedimentary Rocks in 
Yellowknife Bay, Gale Crater, Mars 

D. W. Ming et al. 

Science 343, (2014); 

DOI: 10.1126/science.1245267 


This copy is for your personal, non-commercial use only. 


If you wish to distribute this article to others, you can order high-quality copies for your 
colleagues, clients, or customers by clicking here. 


Permission to republish or repurpose articles or portions of articles can be obtained by 
following the guidelines here. 


The following resources related to this article are available online at 
www.sciencemag.org (this information is current as of January 23, 2014 ): 


Updated information and services, including high-resolution figures, can be found in the online 
version of this article at: 
http:/Awww.sciencemag.org/content/343/6169/1245267.full.html 


Supporting Online Material can be found at: 
http://www.sciencemag.org/content/suppl/201 3/12/05/science. 1245267.DC1.html 


This article cites 46 articles, 14 of which can be accessed free: 
http://www.sciencemag.org/content/343/6169/1245267.full.html#ref-list-1 


This article has been cited by 1 articles hosted by HighWire Press; see: 
http://www.sciencemag.org/content/343/6169/1245267.full.html#related-urls 


This article appears in the following subject collections: 
Planetary Science 
http://www.sciencemag.org/cgi/collection/planet_sci 


Downloaded from www.sciencemag.org on January 23, 2014 


Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the 
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright 


2014 by the American Association for the Advancement of Science; all rights reserved. The title Science is a 
registered trademark of AAAS. 


Volatile and Organic Compositions of 
Sedimentary Rocks in Yellowknife 
Bay, Gale Crater, Mars 


D. W. Ming,?* P. D. Archer Jr.,2 D. P. Glavin,? J. L. Eigenbrode,? H. B. Franz,?* B. Sutter,” 

A. E. Brunner,” J. C. Stern,? C. Freissinet,?"° A. C. McAdam,? P. R. Mahaffy,? M. Cabane,’ 

P. Coll,® J. L. Campbell,’ S. K. Atreya,*° P. B. Niles,* J. F. Bell III,7* D. L. Bish,?? 

W. B. Brinckerhoff,? A. Buch,?? P. G. Conrad,? D. J. Des Marais,?* B. L. Ehtmann,?>2¢ 

A. G. Fairén,’” K. Farley,?° G. J. Flesch,?° P. Francois,® R. Gellert,” J. A. Grant,7® J. P. Grotzinger, 
S. Gupta,” K. E. Herkenhoff,”° J. A. Hurowitz,”* L. A. Leshin,?? K. W. Lewis,”? 5. M. McLennan,”* 
K. E. Miller,24 J. Moersch,2° R. V. Morris, R. Navarro-Gonzalez,7° A. A. Pavlov,? G. M. Perrett,? 
|. Pradler,? S. W. Squyres,”” R. E. Summons,”“ A. Steele,*’ E. M. Stolper,?> D. Y. Sumner,”° 

C. Szopa,® S. Teinturier,® M. G. Trainer, A. H. Treiman,”” D. T. Vaniman,?° A. R. Vasavada,*° 

C. R. Webster,*° J. J. Wray,> R. A. Yingst,2° MSL Science Teamt 


H20, COz, S02, O2, Hz, H2S, HCl, chlorinated hydrocarbons, NO, and other trace gases were 
evolved during pyrolysis of two mudstone samples acquired by the Curiosity rover at Yellowknife 
Bay within Gale crater, Mars. H0/OH-bearing phases included 2:1 phyllosilicate(s), bassanite, 
akaganeite, and amorphous materials. Thermal decomposition of carbonates and combustion of 
organic materials are candidate sources for the CO2. Concurrent evolution of O2 and chlorinated 
hydrocarbons suggests the presence of oxychlorine phase(s). Sulfides are likely sources for 
sulfur-bearing species. Higher abundances of chlorinated hydrocarbons in the mudstone compared 
with Rocknest windblown materials previously analyzed by Curiosity suggest that indigenous 
martian or meteoritic organic carbon sources may be preserved in the mudstone; however, the 
carbon source for the chlorinated hydrocarbons is not definitively of martian origin. 


uriosity landed in Gale crater on 6 August 

2012 (UTC) with a goal to explore and 

quantitatively assess a site on Mars’ sur- 
face as a potential habitat for past or present life. 
A topographic low informally named Yellowknife 
Bay located about 0.5 km northeast of the landing 
site was chosen as the first major exploration 
target because strata exposed were inferred to be 
fluvio-lacustrine deposits (/). Fluvio-lacustrine 
depositional systems are thought to preserve 
measurable evidence of paleo-habitability (2), 
e.g., factors such as mineral associations, ele- 
mental inventory, redox state, and character of 
light elements and compounds. 

Curiosity entered Yellowknife Bay on sol 125 
(12 December 2012) and began a drilling cam- 
paign to obtain powder samples from a mudstone 
located near the base of an exposed stratal succes- 
sion (3, 4). Two drill samples informally named 
John Klein (drilled on sol 183) and Cumberland 
(drilled on sol 279) were extracted for delivery 
to the Sample Analysis at Mars (SAM) (5) and 
Chemistry and Mineralogy (CheMin) (6) instru- 
ments. The samples were obtained from the lower- 
most stratigraphic unit in the Yellowknife Bay 
formation, informally named the Sheepbed mem- 
ber (/). The Sheepbed member and an overlying 
medium- to coarse-grained sandstone, named the 
Gillespie Lake member, appear to have a com- 
plex postdepositional aqueous history. Apparent 
low matrix permeability in these units suggests 
that they were lithified during an early diagenetic 
event followed by at least one additional aqueous 
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episode when Ca-sulfate minerals precipitated in a 
network of intersecting fractures (7). Millimeter- 
sized nodules and hollow nodules in the Sheepbed 
member are interpreted, respectively, to be con- 
cretions and void spaces possibly formed as trapped 
gas bubbles during early diagenesis and lithifica- 
tion (/). The geology, stratigraphy, and diagenetic 
history of Yellowknife Bay are described in detail 
in companion papers (J, 7, 8). 

The John Klein (JK) and Cumberland (CB) 
targets were drilled about 3 m apart in the Sheepbed 
mudstone and within ~10 cm of the same strat- 
igraphic position. The JK drill hole intersected thin 
Ca-sulfate-rich veins. The CB sample was col- 
lected from an area rich in nodules and poor in 
Ca-sulfate-rich veins, to aid in mineralogical and 
geochemical characterization of the nodules. 
Powders extracted from both holes were gray in 
color, suggesting a relatively unoxidized material 
(/, 8), in contrast to the red-colored, oxidized ma- 
terials observed earlier by Curiosity at the Rocknest 
aeolian deposit (9, /0) and other surface soils 
(/1) encountered by previous missions (/2). Addi- 
tional details on the drill holes are described in (/) 
and (8), including maps of light-toned fractures 
in the drill hole walls (8). 

Here we describe the volatile and organic C 
content of the Sheepbed mudstone and evaluate 
its potential for preservation of organic C. Volatile- 
bearing phases (including possible organic ma- 
terial) in Sheepbed are indicators of its past 
environmental and geochemical conditions and 
can shed light on whether the environment re- 


corded in this mudstone once was habitable, i.e., 
met the requirements for microbial life as known 
on Earth (/3). The volatile and organic com- 
positions of JK and CB materials were charac- 
terized by the SAM instrument’s evolved gas 
analysis (EGA), gas chromatography—mass spec- 
trometry (GCMS), and tunable laser spectroscopy 
(TLS) experiments (/4). Four JK subsamples 
(JK-1, JK-2, JK-3, and JK-4) and four CB sub- 
samples (CB-1, CB-2, CB-3, and CB-5) of the 
<150-um-size fraction of drill fines were deliv- 
ered to SAM for EGA and GCMS analyses (/5). 


Evolved H,0 


The most abundant gas evolved from JK and CB 
materials was HO. H,O abundances released 
from JK [1.8 to 2.4 weight percent (wt %) HO] 
and CB (1.7 to 2.5 wt % H2O; Table 1) were sim- 
ilar to those of Rocknest (1.6 to 2.4 wt % H,O) 
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(0). Other major evolved gases, in descending 
order of abundance, were Hz, CO2, SO2, and O» 
from JK and Hz, O2, CO2, and SO, from CB 
(Table 1 and Figs. 1 and 2). 

An independent estimate of the volatile in- 
ventory of Jk and CB can be obtained from 
measurements made by the Alpha Particle X-ray 
Spectrometer (APXS) (/6). The measurement 
calculates the bulk concentration of the aggregate 
of excess light elements (including HO, CO, C, 
F, B20; and Li,O) using the relative intensities of 
Compton- and Rayleigh-scattering peaks (/4, 17). 
Estimates of the average excess light-element con- 
centrations for the JK drill tailings (APXS mea- 
surement on sol 230) and the CB drill tailings (sol 
287) were 4.3 (£5.5) and 6.9 (+6.2) wt %, respec- 
tively. The two methods for determining volatile 
abundances in the mudstone are consistent within 
uncertainties. 

The JK and CB samples showed similar re- 
leases of H,O in EGA experiments with a con- 
tinuous temperature ramp (Figs. 1A and 2A) 
(8, 19). Evolved HO from JK (JK-4) resulted in 
two major HO releases, with very broad peaks 
at about 160° and 725°C (Fig. 1A). Cumberland 
samples exhibited similar behavior (Fig. 2A). The 
majority (~70%) of HzO was driven off in the 
lower-temperature peak. 

CheMin results constrain the potential phases 
releasing H,O in the lower peak in JK and CB 
samples. CheMin detected basaltic silicate min- 
erals (feldspar, pyroxene, olivine), magnetite (mag- 
hemite), anhydrite, bassanite, akaganeite, sulfides, 


and ~30 wt % x-ray amorphous components in 
addition to a 2:1 trioctahedral phyllosilicate in JK 
and CB (8). Therefore, candidates for the lower- 
temperature water release are HO adsorbed on 
grain surfaces, interlayer H,O associated with 
exchangeable cations in 2:1 phyllosilicates (e.g., 
smectite), structural H>O (e.g., bassanite), structural 
OH (e.g., Fe-oxyhydroxides such as akaganeite), 
and occluded H,O in glass or minerals. Adsorbed 
H,0O and interlayer H2O in 2:1 phyllosilicates will 
generally release water below 300°C. Bassanite 
(CaSOq"/2H20) dehydrates at ~150°C. Akaganeite 
[FeO(OH,CI)] undergoes dehydroxylation at ~250°C 
(fig. S2). H,O incorporated into the amorphous 
components (e.g., nanophase Fe-oxides, allophane/ 
hisingerite) may also evolve below 450°C. Water 
as liquid or vapor inclusions in glass or minerals 
would be released over a wide range of temper- 
atures. Additional sources of evolved HO at low 
temperatures not constrained by CheMin include 
structural HO in oxychlorine compounds (e.g., 
hydrated perchlorates), structural OH in organics, 
and HO formed during organic reactions in the 
SAM pyrolysis oven. Organic matter can release 
H,O over a wide range of temperatures from struc- 
tural O and H as a consequence of reactions that 
take place in the SAM oven. 

The high-temperature H,O release between 
450° and 835°C is consistent with the dehydrox- 
ylation of the octahedral layer of a 2:1 phyllo- 
silicate (e.g., smectite), although other phases that 
contain OH in octahedral layers may also evolve 
H,0 in this temperature region. The basal (001) 


spacing of the JK phyllosilicate measured by 
CheMin was mostly collapsed to ~10 A suggest- 
ing a 2:1 phyllosilicate with little interlayer H,O 
(8). The 2:1 phyllosilicate in the CB sample was 
expanded, with a basal (001) spacing of ~13 to 
14 A, consistent with several possible interpre- 
tations; the CB phyllosilicate could be smectite 
with an interlayer partially occupied by metal- 
hydroxyl groups or smectite with high—hydration- 
energy cations (e.g., Mg”’), facilitating retention 
of HO (8). The high-temperature HO releases 
at 750°C can be ascribed to dehydroxylation of 
Mg- and Al-enriched octahedral sheets in 2:1 
phyllosilicates (Fig. 3A). The most likely can- 
didate for the high-temperature H,O release 
(i.e., ~750°C) in Sheepbed material is saponite or 
Fe-saponite based on CheMin measurement of 
the 02¢ diffraction band (4.58 A) as consistent 
with a trioctahedral 2:1 phyllosilicate (8) and the 
water-release peak temperature (Fig. 3A). If all 
of the HO released between 450° and 835°C 
during SAM pyrolysis runs resulted from dehy- 
droxylation of 2:1 phyllosilicates, the proportions 
of 2:1 phyllosilicate present in the JK and CB 
samples are 17 (+12) wt % and 16 (411) wt %, 
respectively. These values are consistent with the 
independent estimates from CheMin x-ray diffrac- 
tion semiquantitative data, which give 22 (+11) 
and 18 (+9) wt % for 2:1 phyllosilicate in JK and 
CB, respectively (8). 

High-temperature release of H, occurs over 
roughly the same temperature regions as the 
high-temperature releases of HO and H,S (Figs. 1 


Table 1. Evolved gas abundances released during SAM pyrolysis runs of samples (<150 pm fraction) obtained from the John Klein and 
Cumberland drill holes. Rocknest aeolian material evolved gas abundances are provided for comparison with the Sheepbed mudstone materials. 


John Klein Cumberland Rocknestt 
CB- 5 Average of 
}K-1 JK-2 )K-3* JK- 4 CB-1 CB-2 CB-3 Foi nins 
Molar abundances (umol) 
H20 57.4 + 32.74 5424308 59.9 + 33.7 44.74 25.0 42.74£28.8 54.0429.5 62.4+ 31.5 45.0 + 25.4 55.1 + 35.3 
C02 7.0 + 1.9 8.21.7 6.6 + 1.6 5.7+13 2.0+0.5 2.5+0.7 3.1 + 0.6 3.14 0.7 9.9412 
SO2 1.6 + 0.6 1.4+0.1 2.9+0.1 2.0 + 0.0 0.4 + 0.02 1.3 + 0.2 1.2 + 0.2 14+ 0.2 12.2 + 0.9 
O02 0.6 + 0.1 0.8 + 0.1 2.1 + 0.3 0.9 + 0.1 2.6 + 0.3 8.4 + 1.0 9.9412 11.2414 3.9 + 0.2 
H 9.3418 5.14 1.0 4.9+0.9 5.3 + 1.0 6.9 + 1.3 11.6 + 2.2 4.3 + 0.8 4.1+0.8 Not measured 
directly 
High-temperature H20 (%)§ 
21+8 21+8 26+9 34+11 26 + 26 3148 1941 31+11 
Molar abundances (nmol) 
Hcl 58.524 26.1 72.44 32.2 536.1 + 238.7 155.1269.1 44.1+19.6 179.94 80.1 267.74119.2 5849+ 260.5 36.5 +104 
H2S 79.0+35.2 57.00425.4 95.2 + 42.4 36.1416.1 18.7 + 8.3 67.4 + 30.0 38.9 + 17.3 34.4 + 15.3 61.0 + 13.9 
NO 190 + 38 188 + 38 162 + 32 129 + 26 190 + 38 331 + 66 389 + 78 374275 175 + 40 
Sample weight (%) 
H20 2.3 + 1.6 2.2+1.5 2.4+1.5 1.8 + 1.2 1.7413 2.2+1.5 2.5+1.6 1.8 + 1.2 2.0 + 1.3 
C02 0.7 + 0.3 0.8 + 0.4 0.6 + 0.2 0.6 + 0.3 0.2 + 0.09 0.2+0.1 0.3 +0.1 0.3 40.1 0.9+0.1 
SO3 equiv. 0.3 0.1 0.2 +0.1 0.5 + 0.12 0.4+0.1 0.1 + 0.0 0.2+0.1 0.2 + 0.09 0.2 + 0.10 2.0 + 0.2 
Cl,07 equiv. 0.07+0.03 0.09+0.04 0.24+ 0.06 0.10+0.04 0320.1 1.0 + 0.4 1.2+0.5 1340.5 0.4+0.1 


*Three sample portions (~135 + 31 mg) of John Klein drill material were delivered to SAM for the JK-3 experimental run. The numbers in this column have been normalized to one sample 
portion (45 mg). tAverage of four SAM runs of the Rocknest aeolian material (10). $ Errors reported for molar abundances of CO2, $02, and Oz are the 2o standard deviation from the 
mean of calculations done with different m/z values for the same species. HO error bars are based on the uncertainty in prelaunch water abundance calibration. Errors for other species include 
the uncertainty in differences in ionization efficiency between masses with a calibrated mol/counts value and uncalibrated values (10). Weight % values were calculated with an estimated 
sample mass of 45 + 18 mg (20), with errors propagated including the uncertainty in molar abundance (10). §High-temperature H20 is the percentage of the H20 released between 450° 
and 835°C, which is the temperature region for dehydroxylation of a 2:1 phyllosilicate, compared to the total HO released. Errors are the 20 standard deviation from the mean. 
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and 2). The origin of the high-temperature evolved 
H, is unknown but is likely associated with the 
dehydroxylation of the most thermally stable OH 
groups in the 2:1 phyllosilicates. 


Evolved O, 


The JK and CB samples have distinctly different 
Oz releases (Figs. 1A and 2A and Table 1). The 
onset of Oz evolution from JK (~150°C) was 
lower than for CB (~230°C). O, abundances re- 
leased from CB (0.3 to 1.3 wt % ClO7) were 
nearly eight times the abundances for JK (0.07 
to 0.24 wt % Cl,07); Rocknest Oz abundances 
(0.4 wt. % Cl,07) were about four times those 
for JK (Table 1). By comparison, the perchlorate 
anion (ClO, ) was present in soil at the Phoenix 
landing site at the 0.4 to 0.6 wt % level (20). The 
JK-4 sample had two distinct peaks, suggesting 
different or additional O2-evolving phases in the 
JK sample or consumption of O2 during combus- 
tion of organic materials (see below) or thermal 
oxidation of ferrous-containing phases (e.g., mag- 
netite to maghemite transition). O» evolution in 
the Rocknest aeolian material occurred at a higher 
temperature (onset ~300°C with a peak temper- 
ature ~400°C) than in JK and CB (0, 2/). 
Evolved O, from JK and CB is inferred to re- 
sult from decomposition of perchlorate or chlorate 
salts, based on analogy with other analyses on 
Mars, on bulk compositions of the JK and CB 
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samples, on the timing of chlorinated hydro- 
carbon and HCI releases, and on laboratory ex- 
periments with perchlorate salts. Perchlorate was 
definitively identified in soil at the Mars Phoenix 
landing site (20), and O2 release from the Rocknest 
aeolian material is roughly consistent with de- 
composition of Ca-perchlorate (/0, 2/). The CB 
sample contains three times the Cl of the JK sample 
as measured by APXS (1.41 wt % versus 0.4 wt % 
for CB and JK, respectively) (7), and the abun- 
dance of O, released from CB (splits CB-2 and 
CB-3) is nearly eight times the abundance from JK 
(Table 1), suggesting that the substance responsi- 
ble for the release of O from CB was a perchlorate 
or chlorate. Similarly, HCI and chlorinated hydro- 
carbons (chloromethane and dichloromethane) 
were released in conjunction with O, (Figs. 1 and 
2, see below), suggesting that Cl and O were hosted 
by the same compound in CB and JK. 

The coincident release of HCI with O, in CB 
is consistent with several types of perchlorate salt 
(Fig. 2). HCl is evolved during thermal decom- 
position of Mg- and Fe-perchlorate, caused by 
reaction between Cl, gas and water vapor (22-24). 
Thermal decomposition of Ca-perchlorate alone 
does not yield substantial HCl at temperatures 
<450°C (22, 25). However, thermal decomposi- 
tion of Ca-perchlorate in the presence of an Fe- 
bearing mineral such as pyrrhotite can also yield 
simultaneous releases of O2 and HCI (Fig. 3B). 
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Fig. 1. Evolved gas analysis for a continuous ramp SAM pyrolysis of drill material (<150 1m) from 
the Sheepbed mudstone JK-4 sample. (A) Most-abundant evolved gases [CO2 has been scaled up 3 times; 
SO, and O; have been scaled up 10 times]. (B) Evolved gas traces for H2, HS, HCl, CH3Cl, and CH>Cl, [HS and 
HCl traces have been scaled up 35 times; CH3Cl and CH2Cl, have been scaled up 100 times]. Isotopologs were 
used to estimate species that saturated the QMS detector (m/z = 12 for COz and m/z = 20 for H20). 
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The O>-release profiles and temperatures for 
JK and CB do not match exactly those of com- 
mon perchlorate salts. Although the best matches 
are with Fe-perchlorates (Fig. 3C), the presence 
of Fe-oxides/oxyhydroxides may lower the de- 
composition temperature of perchlorate salts (26). 
Chlorate salts may also be stable on the martian 
surface (27), and mixtures of K-chlorate and hem- 
atite can decompose at temperatures consistent 
with O,-release temperatures observed in JK 
and CB (26). Other possible sources of the low- 
temperature O, release—e.g., peroxides and su- 
peroxide radicals—cannot be ruled out (28-30). 


Evolved CO, 


The CO; releases for the JK and CB samples 
peaked at temperatures below 300°C (Figs. 1A 
and 2A), distinct from the CO, release between 
400° and 512°C from the Rocknest aeolian 
materials (/0). The CO; releases in the Rocknest 
samples were interpreted to derive largely from 
carbonates (/(), and the CO, release shoulder 
around 400° to 450°C in the JK samples could 
also derive from carbonate minerals, specifically 
fine-grained Fe/Mg-carbonate (/0, 24, 31). The 
400° to 450°C release shoulder is absent from the 
CB samples. Another possible CO; source, given 
the inferred presence of akaganeite and substan- 
tial proportions of perchlorate or chlorate phases 
in the samples, is that HCl evolved at lower tem- 
peratures and then reacted with carbonate min- 
erals (23). The onset of evolved HCl is nearly 
simultaneous with CO, releases in JK and CB 
(Figs. 1 and 2), suggesting that low-temperature 
acid dissolution and subsequent thermal decom- 
position of carbonates may be responsible for 
some of the evolved CO; (fig. $2). Total CO, 
evolved is equivalent to <1 wt % carbonate and, 
if present, carbonates are at abundance below 
the detection limit by CheMin. Adsorbed CO, 
is an unlikely candidate for the CO, peak near 
300°C because most adsorbed CO; is expected 
to be desorbed from smectite and palagonite-like 
material surfaces at temperatures <200°C (32). 
The low-temperature shoulder around 100° to 
200°C in JK materials could reflect adsorbed 
COs, although it was not seen in CB materials. 

Although there are several possible CO, 
sources in JK and CB materials, the simultaneous 
evolution of CO, and Oy, in conjunction with a 
possible O> inversion (i.e., O2 consumption) in 
JK-4 and the similar CO and O; releases in CB 
samples, suggest combustion of C compounds. It 
is nearly certain that at least some of the CO 
produced is derived from the combustion of 
vapor from N-methyl-N-(tert-butyldimethylsilyl) 
trifluoroacetamide (MTBSTFA, a derivatization 
agent carried in SAM) and its reaction products 
that were identified by the EGA and GCMS ex- 
periments and adsorbed onto the samples and 
sample cups inside SAM during sample transfer 
in Curiosity ’ sample acquisition and processing 
system (/0, 21, 33). The background-derived 
C detected in the blank runs was up to ~120 
and 30 nmol of C attributed to MTBSTFA and 
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dimethylformamide (DMF) (33), respectively. If the 
background was similar for the analyzed samples 
of the mudstone, another source of C for com- 
bustion to CO, during pyrolysis is required to 
account for the >2 umol of evolved CO; (Table 2). 
The estimated amount of MTBSTFA + DMF C 
in the blank runs is only 1 to 3% of total evolved 
CO,-C from JK and CB analyses. Also, lower 
amounts of MTBSTFA C (~18 nmol C) and DMF 
C (~15 nmol C) were detected in the CB-5 anal- 
ysis (Table 2), suggesting that substantially less 
MTBSTFA and DMF were available for com- 
bustion to CO, in this run due to implementation 
of the MTBSTFA-reduction protocol (/4). These 
results indicate that most of the evolved CO, 
from CB is not related to the known terrestrial C 
background in SAM, and therefore additional C 
sources are required. 

The initial amount of MTBSTFA and DMF C 
in the JK and CB analyses could have been higher 
than the levels measured in the empty-cup blank 
because of additional adsorption of these vola- 
tiles to the solid-sample surface area after sample 
delivery. A triple-sized sample portion (~135 mg 
of sample) of JK (JK-3) was delivered to SAM to 
explore the effects of adsorption on measured 
CO, releases. Estimates of the amount of C from 
MTBSTFA and DMF sources that could con- 
tribute to evolved CO) for the JK-3 triple-portion 
sample show that the levels are similar (within 
error) compared to the single-portion JK sample 
analyses (column 4 of Table 2), despite the po- 
tential for at least three times as much MTBSTFA 
and DMF adsorption to the sample due to greater 
surface area. Also, the triple-portion sample evolved 
2.4 to 3.5 times as much CO; (Table 2). MTBSTFA 
and DMF C likely contributed to a small portion 
of the evolved CO, (2/). The order-of-magnitude 
more C observed as CO; in all samples and the 
near threefold increase in CO> observed for 
the triple portion run further demonstrate that the 
dominant C source for CO, in the JK analyses 
came from the mudstone itself'and not from known 
background C sources in SAM or Curiosity’s 
sample acquisition and delivery system. 

Another possible C source for the evolved CO 
is combusted martian indigenous and/or exoge- 
nous (meteoritic) organic matter in the mudstone. 
The Sheepbed mudstone has trace-element com- 
positions consistent with a meteoritic contribu- 
tion that may have delivered 300 to 1200 parts 
per million (ppm) organic C (7) and/or from 
weathering of igneous material (34). Also, meta- 
stable partially oxidized weathering products of 
martian organics of indigenous and/or exogenous 
origins such as mellitic acid (35) may have un- 
dergone decarboxylation during analysis in SAM. 
Laboratory analog experiments using SAM-like 
instrument conditions where mellitic acid and 
perchlorate salts were heated together have shown 
that the primary degradation products detected 
during pyrolysis are CO and CO (36, 37). If mel- 
litic acid or other benzenecarboxylates were present 
in Sheepbed, the organic degradation products 
may have decomposed to CO, and other less- 
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volatile degradation products, which could have 
gone undetected by SAM GCMS under the oven 
conditions used for the pyrolysis experiments. 
Overall, the potential CO, sources include 
combustion of terrestrial organics resident in SAM 
(for a small portion of the evolved CO), low- 
temperature acid dissolution of martian carbo- 
nates, and combustion and/or decarboxylation of 
indigenous and/or exogenous organic materials. 


Evolved SO, and H2S 


Sulfur dioxide and HS evolved from the JK and 
CB samples during pyrolysis, and both also 
evolved from the Rocknest aeolian material (/0). 
The release of both reduced and oxidized S vol- 
atiles suggests that reduced and oxidized S species 
were present in all samples, or that redox reactions 
in the SAM oven affected S speciation. The total 
abundance of S-bearing gases and the ratio of 
SO,/H_S observed at JK were both <30% of the 
values measured in Rocknest samples. Abundances 
of these gases were even lower in CB than in JK, 
consistent with the lower bulk S composition mea- 
sured by APXS [1.57 (£0.03) wt % SO; for CB 
compared with 5.52 (£0.21) wt % SO3 for JK (7)]. 

The evolved SO, had a release peak tem- 
perature at ~600° to 625°C, with a shoulder at 
~675°C (Figs. 1A and 2A). Several mineral sources 


Counts/s 


of S are possible. CheMin detected anhydrite, 
bassanite, and pyrrhotite in both JK and CB and 
possible pyrite in JK (8). Pyrrhotite and possi- 
bly pyrite are candidate S sources for the SO, 
and HS releases from CB and JK. The lower- 
temperature SO, and HCl evolutions occurred 
simultaneously with the release of O2 in CB 
(Fig. 2), and two additional SO, release peaks 
were observed in the 500° to 800°C range. Lab- 
oratory pyrolysis experiments of mixtures of pyr- 
rhotite and Ca-perchlorate exhibited similar release 
patterns for SO, O2, and HCI (Fig. 3B); however, 
the onset temperatures for their release is lower 
in CB, consistent with a different perchlorate/ 
chlorate salt (i.e., lower O> release) or complex 
chemistry occurring in the SAM ovens that lowers 
the decomposition temperature of oxychlorine 
compounds (as discussed above). Thermal de- 
composition of Ca-sulfate is not likely to have 
contributed to the SO; releases from JK and CB 
because they typically break down at higher tem- 
peratures than the maximum that can be achieved 
by the SAM oven used in these experiments 
(>835°C). 

Although pyrrhotite and pyrite are candidate 
S-bearing phases in CB and JK, the evolved SO, 
data are not uniquely diagnostic of these or any 
specific S-bearing phases. Fe-sulfate minerals 
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Fig. 2. Evolved gas analysis for a continuous ramp SAM pyrolysis of drill material (<150 pm) 
from the Sheepbed mudstone CB-2 sample. (A) Most-abundant evolved gases [CO and SO, counts 
have been scaled up 3 and 15 times, respectively]. (B) Evolved gas traces for Hz, H2S, HCl, CH3Cl, and 
CH,Cl, [H2S and HCl traces have been scaled up 35 times; CH3Cl and CH>Cl, have been scaled up 100 
and 300 times, respectively]. Isotopologs were used to estimate species that saturated the QMS detector 


(m/z = 12 for COz and m/z = 20 for H20). 
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will evolve SO, at 500° to 800°C under condi- 
tions similar to SAM operational conditions. How- 
ever, formation of Fe-sulfates requires strongly 
acidic conditions (38, 39), and Sheepbed is in- 
terpreted to record depositional and diagenetic 
environments at near-neutral pH’s (/). 

Evolution of H2S occurred nearly simulta- 
neously with evolution of H and high-temperature 
H,0 resulting from the dehydroxylation of the 
2:1 phyllosilicate (Figs. 1 and 2). HS may be 
a by-product of the reaction of H2O with a Fe- 
sulfide such as pyrrhotite (Fig. 3B); however, it is 
possible that SO2 evolved at high temperatures is 
reduced in the presence of H, to H2S (40, 4/). 
HCl also evolves at higher temperatures (Figs. 1B 
and 2B), which can react with reduced S phases 
to form HS (42, 43). 


Evolved N-Bearing Species 


Potential N-bearing compounds evolved from 
JK and CB include NO, HCN, CH3CN, CICN, 
CF3CN, and C3H4F3NO. Evolved NO [mass/ 
charge ratio (m/z) = 30] in the JK and CB mate- 
rials had abundances of 129 to 190 nmol and 190 
to 389 nmol NO, respectively (Table 1). The abun- 


Fig. 3. Major evolved 
gases from the JK and 
CB samples compared 
with EGA of analog 
minerals under SAM- 
like oven operating 
conditions (24). (A) 
Evolved H20 for non- 
tronite, montmorillonite, 
and saponite compared 
with JK and CB evolved 
H20. (B) Evolved Oo, 
SO>, HCl, and H2S for B 
CB-2 compared with 
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dances of NO in JK and CB blank runs were 
70 and 12 nmol, respectively, and the predicted 
level of N contributed by MTBSTFA and DMF 
based on background measurements was typical- 
ly less than 20 nmol N. Hence, the source for the 
evolved NO appears to be within the mudstone. 
Other N compounds detected by SAM (HCN, 
CH3CN, and CICN) are present at substantially 
lower abundances, and they may be contributed 
by the MTBSTFA and DMF background in the 
SAM instrument. Both wet chemistry reagents con- 
tain one N atom per molecule of reagent. CF;CN 
is almost certain to be from decomposition of 
MTBSTFA because possible sources of F in the 
martian samples (i.e., fluorapatite) will not de- 
compose in the SAM temperature range. In addi- 
tion, HCN and CH3CN have also been identified 
during laboratory pyrolysis of MTBSTFA and 
DMF in the presence of perchlorate run under 
similar operating conditions as SAM (2/). 


Organic Compounds 

Pyrolysis of the JK and CB samples led to low- 
temperature (125° to 350°C) release of chloro- 
methane and dichloromethane that correlated with 
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the release of O» and 1,3-bis(1,1-dimethylethyl)- 
1,1,3,3-tetramethyldisiloxane, a known reaction 
product of MTBSTFA and H,O (fig. S3). This 
correlation suggests that thermal degradation of 
the O> source (most likely an oxychlorine com- 
pound, see above) is contributing to chlorination 
of C phases and/or the release of chlorinated hy- 
drocarbons. Identification and quantification of 
these trace organic species by their characteristic 
m/z values in EGA mode was enhanced and 
confirmed by bulk collection and GCMS identi- 
fication (44) of volatiles on an adsorbent-resin 
hydrocarbon trap (Fig. 4 and fig. S4). Detection 
of chlorinated hydrocarbons by SAM in Rocknest 
samples (/0, 2/), as well as supporting laboratory 
EGA and GCMS experiments conducted under 
SAM-like conditions, have shown that both chlo- 
romethane and dichloromethane are produced 
when MTBSTFA and DMF are heated in the 
presence of Ca- and Mg-perchlorates (2/). There- 
fore, reaction of MTBSTFA and DMF carbon with 
an oxychlorine compound is a likely source of 
some of the chloromethane and dichloromethane 
detected in JK and CB. 

Empty-cup blank analyses before each sam- 
ple set (Rocknest, JK, and CB) showed low chlo- 
romethane C abundance (<7 nmol C, including 
estimated error, via EGA) and no detection of 
dichloromethane. In comparison to the blanks, 
single-portion runs of JK and CB consistently 
showed more abundant chloromethane and di- 
chloromethane C [up to about six times the abun- 
dance; range: 21 (+ 4) to 66 (13) nmol C, Table 2], 
whereas lower amounts of chloromethane and 
dichloromethane [12 (+ 2) nmol C] were released 
from Rocknest single-portion samples, even though 
the total MTBSTFA C amounts measured during 
pyrolysis of Rocknest were similar (within error) 
to those measured in JK and the CB-1 and CB-2 
runs (Table 2). Furthermore, the JK-3 EGA 
analysis of a triple-portion sample released ap- 
proximately twice as much chloromethane + 
dichloromethane [127 (+25) nmol C] as a single- 
portion JK analysis [38 (+8) to 66 (£13) nmol C], 
and JK-3 released trichloromethane (CHCI;) and 
carbon tetrachloride (CCl), which were not pre- 
viously detected in the blank or single-portion JK. 
experimental runs (table S2 and Fig. 4). How- 
ever, the increase in chlorinated products in JK-3 
could also be explained by three times as much 
sample (i.e., more oxychlorine compounds) com- 
pared to the single-portion JK runs. Trichloro- 
methane and carbon tetrachloride were also 
detected by GCMS in both CB-3 and CB-5 at 
similar levels (table S2). These data indicate that 
greater chlorinated hydrocarbon production is as- 
sociated with the Sheepbed mudstone (compared 
with the Rocknest aeolian deposit) and with larger 
sample mass. However, the substantial reduction 
(~50%) in C abundance from MTBSTFA (and 
presumably DMF) in the CB-5 experiment com- 
pared with CB-3 (fig. S5 and Table 2) was matched 
by a ~50% drop in chloromethane and dichloro- 
methane detected by EGA [10.2 (42.0) and 0.7 
(+ 0.2) nmol C, respectively]. This suggests that 
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martian organics may not be substantial contrib- 
utors to these chloromethanes detected in CB 
samples. 

Trace quantities of chloromethane and di- 
chloromethane were also identified by the Viking 
1 and 2 lander GCMS instruments (45, 46). The 
Viking GCMS team attributed the chlorinated hy- 
drocarbons to terrestrial sources including cleaning 
solvents, although the possibility that some of 
the chloromethane C was indigenous to Mars 
was not ruled out (46). Unlike SAM, the Viking 
GCMS instruments did not include an MTBSTFA 
and DMF wet chemistry experiment. Following 
the Phoenix perchlorate detection and subsequent 
laboratory experiments in which Atacama soils 
mixed with 1 wt % of Mg-perchlorate produced 
chloromethane and dichloromethane at 500°C, 
the Viking chloromethane compounds have been 
attributed to the presence of perchlorates and in- 
digenous organic carbon at the Viking landing 
sites (47). The hypothesis has been challenged 
(48) and debated (49). 

The EGA and GCMS observations of varying 
chlorinated hydrocarbon abundances in JK and 
CB could result from any combination of the fol- 
lowing: (i) chlorination of MTBSTFA and DMF 
or other unknown terrestrial C sources in SAM 
(instrument background) that were not identified 
during EGA or GCMS in the empty-cup blank 
runs; (ii) chlorination of C contamination from the 
drill and/or sample handling chain; and (iii) chlo- 
rination of martian or exogenous C phases in the 
Sheepbed mudstone. 

Terrestrial contamination from the sample 
handling chain is unlikely because it was scrubbed 
multiple times with Rocknest scooped material 
before the first drilled sample at JK (9, 70). The 


GCMS abundances of chloromethane and dichlo- 
romethane measured in JK-4 were similar within 
error to the abundances of the chlorinated hy- 
drocarbons identified in the second drill sample 
at CB (CB-2) run under identical conditions 
(table S2). Therefore, if terrestrial C contamina- 
tion from the drill was the primary source of C 
for these chlorinated hydrocarbons in JK-4, their 
abundances measured in the CB-2 sample should 
have been reduced compared to JK-4 due to sam- 
ple scrubbing of hardware surfaces and disposal 
of the Jk sample from the sample processing 
system. This was not observed. Moreover, swabbed 
surfaces of Curiosity s sample acquisition and 
processing system were found to be organically 
clean before launch (50, 5/), and only trace quan- 
tities (~0.1 to 0.3 nmol) of perfluoroethene, a 
known pyrolysis product of Teflon that is within 
the drill system (52), were identified in the JK 
and CB EGA analyses. 

Chlorinated hydrocarbons are likely produced 
in the SAM oven during heating of samples in 
the presence of Cl from the thermal decompo- 
sition of oxychlorine compounds. Some of the 
chlorinated hydrocarbon detected at JK and CB 
may be derived from the sample. The SAM data 
do not allow us to prove, or disprove, organic C 
contributions from Sheepbed to evolved chlori- 
nated hydrocarbons and CO, from the JK and 
CB samples. There are no conclusive EGA or 
GCMS observations of other organic molecules 
indigenous to the Sheepbed mudstone. 


Preservation of Organics 

Although the detection and identification of possi- 
ble organic compounds in the Sheepbed mudstone 
is complicated by reactions in the SAM oven, 


the lack of a definitive detection of martian or- 
ganics suggests that, if organics were deposited 
in the Sheepbed mudstone, organic alteration and 
destruction mechanisms may present the single 
most fundamental challenge to the search for 
organics on Mars. Some organic compounds are 
expected on the surface of Mars. Exogenous de- 
livery of meteoritic organics to the martian surface 
has been estimated as 2.4 x 10° g C/year (53) and 
may have been higher during periods of higher 
impact flux on the surface. Benzenecarboxylates 
derived from the oxidation of meteoritic organic 
matter on Mars could contribute up to 500 ppm 
organic C by weight in the top meter of the mar- 
tian regolith (35). Abiotic organic matter formed 
by igneous and/or hydrothermal processes (34, 54) 
is also expected to be embedded within basaltic 
minerals where it is protected from chemical oxi- 
dants in the environment. Consequently, at least a 
low concentration of organic compounds is likely 
in the source material for the Sheepbed mudstone. 
In addition, the distal fluvial to lacustrine depo- 
sitional environment of Sheepbed (/) makes it a 
prime site for concentration of organic matter 
through sedimentary processes (2). 

If organics were present, evaluating their fate 
during diagenesis becomes critical for under- 
standing their molecular structures, distribution 
in sediments, and SAM observations. The JK and 
CB samples experienced diagenesis, including 
the alteration of basaltic minerals to smectite and 
magnetite after deposition (7, 8). Organics may 
have been released during basaltic mineral alter- 
ation, and any reactive organic molecules present 
may have been incorporated into or adsorbed onto 
the forming smectite and magnetite. These types 
of mineral-organic associations could have enhanced 


Table 2. Abundances of terrestrial C from N-methyl-MW-(tert-butyldimethylsilyl) trifluoroacetamide (MTBSTFA) reaction products and di- 
methylformamide (DMF) compared with the measured abundances of chloromethane (CM), dichloromethane (DCM) and CO detected during SAM 
evolved gas analysis (EGA) by the mass spectrometer. 


Estimated amount Estimated 
Total detected Estimate of Total 
Sample MTBSTFA-derived C missing DMFC = CM + DCMC OF MISS TEA: ane ParabG Os sa eeimeter 
- DMF-derived C for (umol) combustion in analysis 
mol tumolyt Sumol) combustion (umol)$ relative to total CO2§ 
JK blank 0.120 + 0.024 0.030 + 0.006 0.005 + 0.001 =0 =0 = 0% 
JK-1 0.051 + 0.010 0.013 + 0.003 0.066 + 0.013 0.086 + 0.043 7.0 + 1.9 1.2 + 0.7% 
JK-2 0.044 + 0.009 0.011 + 0.002 0.061 + 0.012 0.095 + 0.041 8.1+1.7 1.2 + 0.5% 
JK-3 (3x portion) 0.071 + 0.014 0.018 + 0.004 0.127 + 0.025 0.061 + 0.048 19.8 + 4.8 0.3 + 0.3% 
JK-4 0.047 + 0.009 0.012 + 0.002 0.038 + 0.008 0.091 + 0.041 5.7413 1.6 + 0.7% 
CB blank 0.097 + 0.019 0.025 + 0.005 0.006 + 0.001 =0 =0 = 0% 
CB-1 0.068 + 0.014 0.017 + 0.003 0.025 + 0.005 0.037 + 0.041 2.0 + 0.2 1.9 + 2.1% 
CB-2 0.041 + 0.008 0.010 + 0.002 0.022 + 0.004 0.071 + 0.034 2.5 + 0.4 2.8 + 1.4% 
CB-3 0.032 + 0.006 0.008 + 0.002 0.021 + 0.004 0.082 + 0.032 3.1 + 0.3 2.7 + 1.1% 
CB-5 0.018 + 0.004 0.005 + 0.001 0.011 + 0.002 Np! 3.1+0.7 Np!" 
RN blank 0.078 + 0.016 0.020 + 0.004 0.002 + 0.001 =0 =0 = 0% 
RN1-4 (average) 0.058 + 0.012 0.015 + 0.003 0.012 + 0.002 0.025 + 0.035 9.9+1.2 0.3 + 0.4% 


*Total MTBSTFA C value in umol determined from the sum of the EGA measured abundances of silylated products: tert-butyldimethylsilanol, 1,3-bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane, and 


tert-butyldimethylfluorosilane, plus the mole fraction of C from 2,2,2-trifluoro-N-methylacetamide in MTBSTFA relative to the sum of the silylated products. 


{DMF was not identified during pyrolysis by 


EGA or GCMS. However, the amount of DMF C was estimated from the total measured MTBSTFA C and the molar ratio of DMF/MTBSTFA carbon (0.25) that was originally loaded into the wet chemistry cups, to 
Estimated amount of combusted MTBSTFA- and DMF-derived C equals the amount of C in the blank from these sources minus the amount of C from these sources that was 
observed and calculated for each solid sample run. 


address a worst-case scenario. 


carbon available for combustion to COz, compared to total CO2 measured in the sample runs. 


experimental conditions that were used for CB-5. 


1245267-6 


24 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


§Percentage of the total MIBSTFA and DMF carbon in the preceding blank analysis, assumed to be representative of the MTBSTFA and DMF derived 
IIND: Values could not be determined because a comparable blank run was not carried out under the same 


the early preservation of organic matter. In ad- 
dition, reducing conditions during deposition, 
as suggested by the presence of magnetite (7), 
would have favored early preservation. Subse- 
quently, and at any time during burial, oxidants 
already present in disequilibrium with reduced 
phases or circulated into the rock may have con- 
tributed to the oxidative degradation of organic 
compounds that were deposited with the sediment 
or released from the altering igneous minerals. 
There is no evidence of mineral oxidation asso- 
ciated with the second diagenetic event that pre- 
cipitated calcium sulfate minerals from fluids into 
the Sheepbed fracture network (7), and the bulk 
rock remained largely reducing based on the 
presence of magnetite and pyrrhotite in JK and 
CB, and possibly pyrite in JK (8). However, 
akaganeite in the samples may reflect oxidative 


Fig. 4. SAM gas chro- A 
matogram of the major m/z 
values of the chlorinated 


weathering of pyrrhotite, which could indicate 
exposure of JK and CB to an oxidizing fluid in 
earlier diagenetic event(s) that may have degraded 
any organic compounds. 

If any organic compounds remained through- 
out burial, they may have been altered by other 
mechanisms. The martian surface is subjected to 
strong ionizing radiation that can alter organic 
molecules (55) depending on the chemical and 
physical microenvironment of the host sediments 
(56). Ionizing radiation directly breaks chemical 
bonds in organic molecules and other chemicals, 
producing a reactive pool of radicals and oxidants 
(e.g., OH*, H0>, oxychlorine compounds). In 
the presence of mineral catalysts, these reactants 
can fully oxidize organic matter to CO, COz, and 
carbonates or produce partially oxidized organics 
such as acetate, oxalates, and other carboxylates 
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that may survive in a metastable state on Mars 
(35). If exogenous or martian organic matter sur- 
vived largely intact until removal of the overlying 
Gillespie sandstone, it may still have degraded or 
oxidized during surface exposure of the sampling 
site to ionizing radiation. Therefore, surface- 
exposure age is also an important variable in the 
preservation of organics. Alternatively, the or- 
ganics may have survived all of the martian 
processing that occurred naturally, only to be 
oxidized by oxide minerals or oxychlorine com- 
pounds at elevated temperatures in the SAM 
oven or, if sufficiently refractory, survive pyrol- 
ysis and pass undetected by SAM, as does most 
of the kerogen-like material in meteorites. 

The complicated story of carbon on Mars is 
poorly understood. As of sol 370, SAM results 
support the presence of carbon source(s) in 


hydrocarbons detected in 
JK and CB samples (cps, 
counts/s). (A) JK Sample 3 


(JK-3; triple portion) com- 
pared with JK-2 (single por- 
tion) and the JK blank. (B) 
CB Sample 2 (CB-2, single 
portion) compared with the 
CB blank. (C) The mass spec- 
tra generated for the GC 
peaks detected in JK-3 are 
shown in red and compared 
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samples from the Sheepbed mudstone that con- 
tribute(s) to the production of chlorinated hydro- 
carbons and evolved CO3. There may be organic 
matter in these samples, but it has not been con- 
firmed as martian. 
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In Situ Radiometric and Exposure 
Age Dating of the Martian Surface 
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We determined radiogenic and cosmogenic noble gases in a mudstone on the floor of Gale Crater. 
A K-Ar age of 4.21 + 0.35 billion years represents a mixture of detrital and authigenic components 
and confirms the expected antiquity of rocks comprising the crater rim. Cosmic-ray—produced 
3He, **Ne, and 7°Ar yield concordant surface exposure ages of 78 + 30 million years. Surface 
exposure occurred mainly in the present geomorphic setting rather than during primary erosion 
and transport. Our observations are consistent with mudstone deposition shortly after the Gale 
impact or possibly in a later event of rapid erosion and deposition. The mudstone remained 
buried until recent exposure by wind-driven scarp retreat. Sedimentary rocks exposed by this 
mechanism may thus offer the best potential for organic biomarker preservation against 


destruction by cosmic radiation. 


ultiple orbiter and rover missions have 
Mex a rich geologic record on 

the surface of Mars, likely spanning 
almost the entire history of the planet [e.g., (/)]. 
However, interpretation of this record is im- 
peded by our limited understanding of the con- 
nection between the materials observed and 
their absolute age. Impact crater densities are 
the primary means for establishing a chronol- 
ogy for geologic features on Mars and other 
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solar system bodies (2-4), but crater-based dating 
methods suffer from multiple sources of uncer- 
tainty that obscure both absolute and relative 
ages. In contrast, on Earth, isotopic dating meth- 
ods provide a powerful quantitative framework 
for defining geologic history and for identifying 
the rates and causes of geologic phenomena. 
Here, we report results of an attempt to apply 
in situ isotopic dating methods to Mars using 
the instrument suite aboard the Curiosity rover 
exploring Gale Crater. 


Geologic Setting 


Gale is a ~150-km diameter impact crater that 
formed near the Late Noachian—Early Hesperian 
boundary (5, 6) or around 3.7 to 3.5 billion 
years ago (Ga) according to impact crater mod- 
els (3, 7). In addition to the ~5-km-high central 
mountain of stratified rock informally known 
as Mt. Sharp, the crater is partially filled with 
sedimentary rocks derived from the crater rim. 
Crater-density distributions imply a somewhat 
younger age (Early to Late Hesperian or ~3.5 
to 2.9 Ga) for at least some of these deposits 
(5, 6). While heading for its destination at 
Mt. Sharp, Curiosity traversed a gently sloping 
plain where local outcrops of pebble conglom- 
erate were encountered, recording the presence 
of an ancient stream bed (8). Most of this surface 
is heavily cratered and covered with rock and 
soil (Fig. 1). However, a substantial expanse of 
bare bedrock was encountered in an ~S-m-deep 
topographic trough (Yellowknife Bay) represent- 
ing an erosional window through a sequence of 
stratified rocks known as the Yellowknife Bay 
formation (fig. S1) (9). These rocks consist 
mostly of distal alluvial fan and lacustrine facies 
of basaltic bulk composition and were derived 


from the crater rim (9, 70). Compared with ad- 
jacent geological units, the Yellowknife Bay 
trough is notable for its lack of visible craters 
and its apparently greater degree of stripping 
of impact ejecta and wind-blown soil. This ap- 
pearance suggests active erosion, distinctly dif- 
ferent from the adjacent map units (9). However, 
the depositional age of the Yellowknife Bay for- 
mation, its stratigraphic relationship to the ad- 
jacent alluvial fan and to the strata of Mt. Sharp, 
and the causes and timing of its exposure are all 
presently uncertain. 

As shown in Fig. 1, the Sheepbed mudstone 
and stratigraphically overlying Gillespie Lake 
sandstone of the Yellowknife Bay formation 
(9) form a rock couplet of apparently variable 
rock hardness, and their contact has eroded to 
form a decimeter-scale topographic step. The 
Sheepbed-Gillespie Lake contact is sharp and 
marked by scouring of the underlying mudstone, 
producing a small scarp and in some locations 
an overhang. Calved-off blocks of the sandstone 
occur at the base and a few meters outboard of 
the scarp but not beyond [see figure 3 of (9)]. This 
suggests that residual fragments of the degrading 
scarp are removed efficiently enough to leave 
only a very thin lag deposit at locations where the 
Gillespie Lake member is now completely absent. 

The distinctive erosional profile of the 
Sheepbed-Gillespie Lake contact can be traced 
around the full width of Yellowknife Bay (9), 
with the Sheepbed unit making up the floor of 
the encircled trough. This trough is elongated in 
the northeast-southwest direction, creating an 
amphitheater-shaped planimetric form open to 
the northeast. Beyond the Gillespie Lake con- 
tact, the more-resistant units higher in the section 
form similar scarps stepping upward a total of 
~5 m to the uppermost unit of the Yellowknife 
Bay formation (fig. S1). Within the Sheepbed 
unit, mm- to cm-scale topographic protrusions 
form fields of small ridges that have been 
streamlined in the northeast-southwest direc- 
tion (Fig. 2). Along with the morphology of the 
Yellowknife Bay trough, these features indicate 
a dominant role for southwest-directed wind ero- 
sion. These observations implicate eolian pro- 
cesses in eroding the mudstone, in efficiently 
wearing down any blocks that are delivered to 
its surface from the encircling scarps or from 
distal impacts, and in expanding the exposure 
of the Yellowknife Bay formation. 

Scientific investigations at Yellowknife Bay 
focused on the Sheepbed mudstone. This fine- 
grained (<50 um) rock was drilled twice for 
mineralogical and evolved gas analyses (//, /2). 
In addition, multiple chemical analyses were 
obtained on outcropping mudstone as well as 
the drill tailings. The two drilled samples, re- 
ferred to as John Klein and Cumberland, were 
located ~3 m apart and yielded very similar 
results. The mudstone is composed of detrital 
and authigenic components consisting of both 
crystalline and x-ray amorphous phases (//). 
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The detrital fraction includes minerals typical 
of volcanic rocks: plagioclase; pyroxenes; and 
minor olivine, sanidine, and ilmenite. Crystal- 
line authigenic phases include smectitic clay 
(possibly saponite) and magnetite, thought to 
have formed as a result of chemical alteration 
of detrital olivine, and minor akaganeite, pyrrho- 
tite, bassanite, and hematite. Quartz and halite 
were reported but very near the Chemistry and 
Mineralogy instrument (CheMin) detection limit. 
Chlorate or perchlorate was also tentatively iden- 
tified (/2). A model for the amorphous compo- 
nent, comprising about one-third of the sample, 
indicates that it is composed mainly of Si, Fe, 
Ca, S, and Cl (7/). It likely includes poorly crys- 
talline or finely crystalline materials and may 
include detrital volcanic and impact-derived glass. 
The presence of smectite, magnetite, and akaganeite 
suggests that the mudstone has not experienced 
burial heating above ~200°C (//, 13). It is possible 
that the sample experienced no burial heating at all. 


Geochronology Overview: K/Ar and 
Cosmogenic Isotopes 


Noble gas isotopes can quantitatively constrain the 
age and erosion history of the Sheepbed mudstone. 
Argon-40 from “°K decay decay will record a 
potassium-weighted average of the formation 
or cooling ages of the multiple components of 
the mudstone. Isotopes 36Ar ?'Ne, and 7He are 


ee = = . el See 


Fig. 1. Mastcam view looking 79° west of north. With increasing distance, 
the Yellowknife Bay formation includes the Sheepbed mudstone, Gillespie Lake 
sandstone, and Point Lake outcrop (36 m away). In the distance, the mostly rock- 
and sand-covered Bradbury rise is visible. The large outcrop on the near horizon 


uu 


(marked “x") is 240 m distant and stands 13 m above the Gillespie Lake— 
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produced by irradiation of the uppermost ~2 
to 3 m of the martian surface by galactic cosmic 
rays (GCRs) (/4). These cosmogenic isotopes 
are commonly used to assess exposure histories 
of meteorites [e.g., (/5, /6)] and erosion rates 
and styles of terrestrial rocks [e.g., (/7)]. Be- 
cause the martian atmosphere is very thin and 
the magnetic field very weak (/8), the martian 
surface is only weakly shielded from GCRs. 
Thus cosmogenic isotope-production rates are 
much higher than on Earth (/4, 79). The chem- 
istry of the Sheepbed mudstone (/0) is such that 
the most abundant cosmogenic isotope is likely 
to be **Ar produced from the capture of cos- 
mogenic thermal neutrons by Cl; followed by 
He produced by spallation mainly of O, Si, 
and Mg; followed by 7'Ne from spallation of 
Mg, Si, and Al (20). The mudstone’s exposure 
history is thus recorded by multiple isotopic 
systems. 

The depth dependence of the production func- 
tions of the two spallation isotopes are very 
similar: a small maximum at ~15 cm below the 
surface, reflecting development of the nuclear 
cascade in the uppermost layers of rock, followed 
by an exponential decay over 2 to 3 m as the 
energetic particles attenuate (Fig. 3). In contrast, 
the production rate of *°Ar from neutron cap- 
ture has a larger subsurface maximum at greater 
depth (~60 cm), arising from the combined 


centimeters 
0 20 40 60 80.100 
— — 


30 


er 


effects of the production of neutrons within the 
descending cascade and the loss of low-energy 
neutrons into the martian atmosphere [e.g., (7 9)]. 

The concentration of a single cosmogenic 
isotope yields a nonunique exposure history 
for the rock. The customary end-member inter- 
pretive models are to assume either no erosion, 
in which case a surface exposure age is obtained, 
or steady erosion from great depth, in which 
case a mean erosion rate is obtained [e.g., (/7)]. 
Figure 3 shows that this nonuniqueness can be 
eliminated by combining spallogenic and neutron- 
capture isotope measurements. In particular, a 
rock of Sheepbed composition initially at a depth 
of greater than a few meters that was instan- 
taneously exposed at the surface would have 
3 Ar/He of ~1.5 and *°Ar/*!Ne of ~13. In con- 
trast, if steady erosion causes progressive down- 
ward migration of the surface toward the sample, 
then the sample integrates the entire depth pro- 
file, including the large subsurface *°Ar peak. 
Such a rock would have *°Ar/*He ~ 4 and 
3° Ar/?'Ne ~ 30. In both erosion scenarios, the 
3He/*'Ne ratio is ~8; this isotope pair provides 
a cross-check but no additional information on 
exposure history. 


Results and Discussion 


Geochronology measurements were performed 
on the Cumberland drilled powder (2/). After 


centimeters 


40 
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Sheepbed contact. This is a portion of a 40-frame M-100 mosaic taken on 
sol 188 between 13:27 and 13:48 local mean solar time (14 February 2013 
23:41:35 and 15 February 2013 00:03:23 Pacific Standard Time). The images in 
the full mosaic, acquired as sequence mcam01009, have picture identifications 
between 0188MR0010090000202415101 and 0188MR0010090390202454101. 
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drilling, the sample was sieved, and an aliquot 
with estimated mass of 135 + 18 mg (22) was 
introduced into a quartz cup in the Sample Anal- 
ysis at Mars (SAM) instrument. The cup was 
moved into position in an oven, sealed against 
Mars atmosphere, and evacuated. The sample 
was then heated to a maximum temperature of 
~890°C for 25 min, and the evolved gases were 


purified and admitted into the quadrupole mass 
spectrometer for analysis. All reported measure- 
ments used the high-sensitivity semistatic anal- 
ysis mode. 


K-Ar Age 
The Ar concentration and the Alpha Particle 
X-ray Spectrometer (APXS)determined K30 con- 


Inferred. 
Paleowind 
Direction 


Fig. 2. Mars Hand Lens Imager (MAHLI) image of brushed, gray bedrock outcrop of Sheepbed 
mudstone near the Cumberland drill hole. Protrusion of nodules (9) results from eolian scouring of 
rock surface, creating wind tails. Preference for steep faces of wind tails on northeast side suggests a 
long-term averaged paleowind direction from northeast to southwest. This is a portion of MAHLI image 
0291MH0001970010103390C00, acquired on sol 291. Illumination from the upper left. 
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Fig. 3. Depth dependence of cosmogenic isotope-production rates modeled for a rock of 
Cumberland mudstone chemistry on Mars. Helium-3 and **Ne are spallation isotopes, whereas 
36Ar is produced by capture of cosmogenic neutrons. Note the multiplicative factors applied to *He and 
21Ne, A mudstone bulk density of 2.6 g cm> was assumed to convert overburden mass to linear depth. 


www.sciencemag.org SCIENCE VOL 343 24 JANUARY 2014 


RESEARCH ARTICLE 


centration yield a K-Ar age of 4.21 + 0.35 Ga (lo) 
for the Cumberland sample (Table 1). This age 
calculation assumes that all measured *°Ar is 
radiogenic (23). Although a fairly uniform level 
of excess Ar is thought to be present in some 
young martian meteorites (24), that same level 
of excess would contribute <0.03 billion years 
to the age of this high K50, high Ar concentration 
rock. One important implication of this very 
high K-Ar age is that processing in the SAM 
oven has extracted essentially all radiogenic 
4° Ar despite a fairly low extraction temperature. 
This unexpectedly high yield (25) may result 
from rapid diffusive loss from the inherently 
fine grain size of the mudstone [probably en- 
hanced by the powdering process of the drill 
(26)]. Alternatively, the volatile constituents in 
the mudstone may promote loss via flux-induced 
melting. Because fine grain size and flux melt- 
ing will affect the noble gas isotopes similarly, 
effective extraction of *°Ar, 7!Ne, and 7He might 
also be expected. The high age also implies that 
a very large fraction of the radiogenic Ar was 
retained in the mudstone over geologic time. 

The interpretation of the K-Ar age depends 
critically on where potassium is located in the 
rock. Ifa fraction Fp of the potassium is in the 
detrital phases and the remainder in authigenic 
phases, then the bulk age (7g) is a potassium- 
weighted average of the age of the detritus (7p) 
and the age of authigenesis (7,): Tg = (1 — Fp) 
Tx + FpTp. If all of the potassium is carried in 
the detrital components (mainly sanidine, pla- 
gioclase, and possibly basalt glass), Fp = 1. In 
this case, the K-Ar system records a mixture 
of the ages of components present in the crater 
rim, principally bedrock ranging from mini- 
mally to completely reset by the Gale-forming 
impact. Crater-rim lithologies, as well as the 
crater itself, are thought to range from Noachian 
to Early Hesperian in age or about 4.1 to 3.5 Ga 
(5, 6, 27-29), in agreement with the K-Ar age 
of 4.21 + 0.35 Ga that we measured. Because 
formation of K-bearing authigenic phases can 
only lower the mudstone age below that of the 
detrital component, we conclude with 95% con- 
fidence (30) that the potasstum-weighted mean 
age of the materials in the Gale crater wall ex- 
ceeds 3.6 Ga. Alternatively, if the potassium is 
entirely hosted within authigenic components 
(phyllosilicates or amorphous phases other than 
basalt glass), Fp = 0 and the age records the for- 
mation age of those phases. In this case, 4.21 Ga 
would represent a minimum age of mudstone 
deposition. 

At present, we have no definitive way to de- 
termine the potassium distribution in the mud- 
stone, but we can make a reasonable estimate. 
K-bearing phases determined by CheMin in- 
clude sanidine (1.8%), andesine feldspar (21%), 
and an unknown fraction of basaltic or impact 
glass (//). CheMin cannot determine the K,O 
content of any of these phases, so we assume 
representative values of 13%, 0.3%, and 1%, 
respectively (3/7). By assuming the mudstone 
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contains 10% glass, we conclude that the de- 
trital component accounts for 80% of the mea- 
sured K,O. The remainder could then be in the 
authigenic clay (18% of the mudstone) with 
0.6% KO, in agreement with K,O concentra- 
tions in saponite in a martian meteorite (32). If 
we assume 7p < 4.1 Ga on the basis of crater- 
count ages of the Gale impact and host ter- 
rains and use the 95% confidence lower limit 
on the K-Ar age of 3.6 Ga, we obtain a current 
best estimate that the mudstone was deposited 
before 1.6 Ga. Assuming either a younger age 
for the detrital component or a smaller fraction 
of it in the mudstone would cause this esti- 
mate to rise. 


Cosmogenic *°Ar, 74Ne, and ?He 


Isotopes *°Ar, 7/Ne, and *He were all detected 
at levels that cannot be attributed to sources 
other than cosmic ray irradiation (33). In the 
mudstone, *°Ar/*He and *°Ar/?!Ne are 1.7 + 0.5 
and 12 + 5, respectively (34). These ratios are 
within error of predictions of the no-erosion 
scenario (1.5 and 13) and very different from 
the prediction of the steady-erosion scenario 
(4 and 30). Thus, we cast our results in terms of 
surface-exposure age, which for *He, *'Ne, and 
3°Ar are 72 + 15, 84 + 28, and 79 + 24 Ma, 
respectively. These ages could be the sum of 
multiple shorter exposure intervals separated by 
burial events, for example, by exposure during 
initial deposition and then again by recent 
reexposure or alternatively by burial and ex- 
humation associated with migrating eolian de- 
posits. However, these events would have to 
involve rapid burial and removal of at least a 
few meters of cover to maintain the good match 
of measured nuclide concentration ratios to 
those of production at the surface. 

The agreement among these results argues 
for complete extraction of all three noble gases 
in the SAM oven and against substantial loss of 
noble gases over the ~78-million-year (My) period 
of cosmic ray exposure. For example, diffusive 
loss of He from amorphous phases, plagioclase, 
and phyllosilicates might occur at Mars am- 
bient temperature (35), but the *He/*'Ne ratio 


of ~7.5 + 2.6 matches the expected production 
ratio of ~8. Similarly, dissolution and reprecip- 
itation of a water-soluble Cl-rich phase by 
occasional wetting of the mudstone might re- 
lease accumulated **Ar. If this occurred to a 
substantial extent, then the agreement between 
the *°Ar exposure age and the *'Ne and *He ex- 
posure ages would have to be fortuitous. Al- 
though not impossible, we see no evidence for 
it in these data. 

A substantial portion of the *He and ?'Ne 
must be carried by detrital minerals, including 
plagioclase and pyroxene, because these are im- 
portant host phases for the major target elements 
(36). In contrast, the enrichment of Cl compared 
with a typical martian basalt suggests that much 
of this element was added to the mudstone from 
solution (9, /0). This distinction implies that, 
although *He and *'Ne might record cosmic-ray 
irradiation that occurred during primary expo- 
sure and transport in addition to that acquired 
during modern exposure at Yellowknife Bay, the 
same is not true of *°Ar. The logical interpreta- 
tion of the good agreement among all three ex- 
posure ages is that all three reflect exposure only 
in the modern setting. 

The apparent absence of a detrital cosmo- 
genic signal favors deposition of the mudstone 
in an environment in which erosion and trans- 
port were fairly rapid and/or in which the mar- 
tian surface was shielded from cosmic rays by 
a reasonably dense atmosphere. The transition 
from comparatively wet conditions and a thick 
atmosphere to cold and dry conditions with a 
thin atmosphere is thought to have occurred 
around the Noachian-Hesperian boundary (37). 
Because wet conditions favor rapid erosion, in 
either scenario the cosmogenic isotope observa- 
tions would support deposition of the Sheepbed 
mudstone shortly after Gale formation. Alterna- 
tively, deposition may have occurred in asso- 
ciation with a later event in which material 
was eroded and transported rapidly enough to 
prevent detectable cosmogenic production. A 
late erosional event has also been suggested for 
Amazonian-age fan formation in some other 
martian craters (38-40). 


Table 1. Geochronology data. The elemental composition was obtained from APXS measurement of 
Cumberland drill tailings from Sheepbed mudstone. PR is the model isotope production rate (47). 
Surface exposure age assuming no erosion. Indicated uncertainty is one standard deviation. 


Cumberland sample mass 


0.135 + 0.018 g 


Topography, stratigraphy, and surface-exposure 
dating suggest that the Yellowknife Bay trough 
is currently a focus of erosion and that erosion is 
occurring by scarp retreat. The Sheepbed mud- 
stone lies below a sequence of relatively more- 
resistant units that define a series of topographic 
steps (A to A’ in fig. S1). The pace of wind ero- 
sion for the entire escarpment will be set by the 
retreat rate of these more-resistant units. How- 
ever, deflation of the softer units, such as the 
mudstone, undercuts and contributes to col- 
lapse of the resistant layers (Fig. 1), such that 
both direct wind abrasion of resistant units and 
removal of the softer units contribute to slope 
retreat. Resistant units and corresponding local 
steps will thicken or thin as erosion sweeps into 
units with variable thicknesses and resistance 
properties. This predominately lateral erosion 
has caused scarp migration to the southwest and 
possibly other directions and produced several 
meters of surface lowering. The general flat- 
tening of the topographic profile (fig. S1) as it 
extends into the Yellowknife Bay trough may 
indicate that a more-resistant unit beneath the 
Sheepbed mudstone has slowed continued re- 
moval of this unit. 

In such a model, the scarp retreat rate can 
be estimated from the surface-exposure ages. 
To prevent cosmogenic nuclide accumulation 
requires at least 2 to 3 m of overburden. South- 
westward from the drill site (and downwind, 
according to Fig. 3), this amount of overburden 
is first encountered about 60 m away (fig. S1). 
Thus, in a model in which the mudstone is rap- 
idly exposed from >2- to 3-m depth to the sur- 
face, the scarp retreat rate over the last ~80 My 
averages ~0.75 m My ". At this rate, the full ex- 
tent of the Yellowknife Bay exposure could have 
been produced over several hundred million 
years of steady lateral erosion. Alternatively, wind 
erosion and associated scarp retreat may be highly 
episodic, perhaps in response to climatic varia- 
tions tied to Mars’ obliquity cycle (4/, 42). Either 
way, surface-exposure ages may vary substan- 
tially around the Yellowknife Bay outcrop and 
other similar exposures, in principle offering a 
test of the scarp retreat hypothesis. 


Implications for Organic Preservation 


Cosmic rays penetrating the uppermost several 
meters of rock create a cascade of atomic and 
subatomic particles, electrons, and photons that 
ionize molecules and atoms in their path [e.g., 
(43, 44)]. Complex organic molecules are par- 
ticularly susceptible to degradation by such par- 
ticles, and, because these particles also produce 
the cosmogenic nuclides, we have a way to as- 
sess the likely magnitude of this degradation 
in the Cumberland sample. Degradation of or- 
ganic molecules in martian surface rocks sub- 
jected to cosmic-ray irradiation has been modeled 
(44). When scaled to the long-term cosmic-ray 
dose implied by the cosmogenic nuclides in 
the Cumberland sample, these rates predict re- 
ductions of between 2 and 3 orders of magni- 


K-Ar system 
K20 (wt %) 0.50 +0.08 
“°ar (nmol/g) 11.95 +171 
K-Ar Age (Ga) 4.21 +0.35 
Cosmogenic isotopes 

PR (pmol g~* Ma7?) Exposure age 
Isotope pmol/g + Surface 2-m average (Ma) + 
3He 33.7 6.9 0.466 0.171 72 15 
*1Ne 4.49 1.52 0.054 0.025 84 28 
36Ar 55.6 16.8 0.714 1.029 78 24 
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tude in the concentration of organic molecules 
in the 100— to 400—atomic mass unit range. 

The scarp retreat hypothesis offers a possible 
strategy for minimizing the degree of organic 
degradation in samples obtained during the 
further course of exploration by Curiosity and 
possible future missions. Because exposure ages 
and thus cosmic-ray doses should decrease toward 
a bounding scarp (at least in the downwind direc- 
tion), such a location may offer the best potential 
for organic preservation. Given our estimated 
scarp retreat rate, locations within a few tens of 
cm of a few-meter-scale scarp may have been 
exposed to cosmic rays for less than a few My. 
Such a short exposure compares favorably to what 
can reasonably be expected from alternative sam- 
pling strategies relying on recent impact craters 
or drilling to obtain fresh strata. 
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Ancient Aqueous Environments 
at Endeavour Crater, Mars 
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Opportunity has investigated in detail rocks on the rim of the Noachian age Endeavour crater, where 
orbital spectral reflectance signatures indicate the presence of Fe*?-rich smectites. The signatures 

are associated with fine-grained, layered rocks containing spherules of diagenetic or impact 
origin. The layered rocks are overlain by breccias, and both units are cut by calcium sulfate veins 
precipitated from fluids that circulated after the Endeavour impact. Compositional data for fractures 
in the layered rocks suggest formation of Al-rich smectites by aqueous leaching. Evidence is 
thus preserved for water-rock interactions before and after the impact, with aqueous environments 
of slightly acidic to circum-neutral pH that would have been more favorable for prebiotic chemistry 
and microorganisms than those recorded by younger sulfate-rich rocks at Meridiani Planum. 


he Mars Exploration Rover Opportunity 

has been exploring Endeavour crater, an 

impact crater ~22 km in diameter formed 
in ancient Noachian materials, since August 2011 
(Z). Opportunity arrived at Cape York, an eroded 
segment of Endeavour’s rim, where the rover tra- 
versed from the younger Burns formation sulfate- 
rich sandstones onto the older rim rocks (2) (Fig. 1). 
The rover initially traversed onto the southern tip 
of Cape York, named Spirit Point, where impact 
breccias were detected and characterized (/). Af- 
ter traversing along the western side of Cape 
York and spending the martian winter near its 
northern end, Opportunity traversed back south- 
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ward along the eastern side of Cape York when 
spring arrived. 

Observations from the Mars Reconnaissance 
Orbiter’s (MRO’s) Compact Imaging Spectrom- 
eter for Mars (CRISM) (3, 4), acquired in an along- 
track oversampled (ATO) mode to sharpen spatial 
details, were used to identify and map a Fe’*-rich 
smectite mineral locality in an area on the eastern 
side of Cape York called Matijevic Hill (5) (Fig. 1). 
Opportunity and its Athena instrument payload 
(6, 7) were then used to investigate this area in 
detail for a total of 200 sols (8) to determine the 
source of this mineral signature and implications 
for past environmental conditions (Fig. 1). 


CRISM Observations 


An extensive ensemble of standard-mode CRISM 
data with ~18 m/pixel spatial resolution has been 
acquired over Endeavour crater and its rim seg- 
ments since 2006 to help identify areas that ex- 
pose minerals formed in aqueous environments 
(9-11). CRISM observations using the ATO mode 
were acquired beginning in 2010 over Cape York 
to identify and map aqueous minerals in detail so 
that Opportunity could then be directed to those 
localities to make ground-based observations of 
the relevant deposits. The CRISM ATO data were 
collected by gimbaling the instrument optical sys- 
tem to space the normally ~18-m pixels (projected 
onto the ground) to a few meters apart in the 
along-track direction. Damped least-squares pro- 
cessing techniques were then used to sharpen the 
spatial resolution to 9 m/pixel in this direction 
(supplementary materials). Because Cape York is 
approximately aligned along the MRO ground 
track, this approach allowed identification of out- 
crops at a much finer spatial scale than was possible 
with previous observations. Using a first-principles 
approach to model the atmospheric gases, aero- 


sols, and surface scattering behavior, CRISM data 
for each wavelength band were reduced to surface 
single scattering albedo (SSA), a parameter that 
is independent of lighting and viewing conditions 
(supplementary materials). For this study, the re- 
trieved SSAs were recast to spectral radiance co- 
efficients using the lighting and viewing conditions 
for laboratory data acquired with the Brown Uni- 
versity RELAB spectrometer system. This allowed 
direct spectral feature and magnitude compari- 
sons between RELAB and CRISM data. 

Retrieved SSA spectra (0.45 to 2.5 um) were 
examined interactively for all of Cape York and 
surrounding plains, along with use of standard 
band depth mapping to search for evidence of 
clay mineral signatures. Results show that there is 
one small region, located on the Endeavour crater 
side of Cape York on Matijevic Hill, that shows 
2.28 and 2.39 um Fe-OH combination absorp- 
tions diagnostic of an Fe*?-rich smectite best 
matched by the mineral nontronite (/2—/5) (Fig. 2). 
The locations exhibiting these features were mapped 
using >1.0% absorption band depth criteria (Fig. 
1). The ~1.9-tm band depth for the average spec- 
trum for this location is indistinguishable from 
the average spectrum for all of Cape York, which 
implies a high degree of desiccation of the inter- 
layer water (16, 17) (supplementary materials). 
The lack of ~1.4-tum absorption is also consistent 
with substantial desiccation. Further, the 2.28- and 
2.39-um absorptions are shallow, even compared 
to laboratory-derived spectra of a mix of anhydrous 
basalt and 5% by weight of Fe*?-rich smectite 
(18, 19) (Fig. 2). This implies that the Fe’*-rich 
smectite on Cape York likely occurs at only a few 
weight percent of the exposed material. 


Opportunity Observations 


Overview 


Opportunity was commanded to turn uphill and 
start a detailed investigation of the rocks on 
Matijevic Hill at the location where CRISM data 
showed the Fe**-rich smectite signature (Fig. 1). 
These localities correspond to rocks subsequently 
named the Matijevic formation that range from 
light-toned, planar outcrops with a discontinuous 
surface of darker veneers to erosionally resistant 
ridges with high concentrations of small spherules 
(Figs. 3 and 4). In a few locations, apparent bed- 
ding exposed in cross section is expressed as 
millimeter- to centimeter-scale layers (Fig. 5). 
The Matijevic formation rocks are fine-grained, 
with subrounded particles ranging from ~0.3 mm 
in size to below the limit of Microscopic Imager 
(MI) resolution (supplementary materials). Rare 
dark particles are present, with shapes that range 
from angular to subrounded. The energy per vol- 
ume required to grind into spherule-free exposures 
of these rocks with the rover’s Rock Abrasion 
Tool (RAT) is ~2.8 J/mm’, similar to soft sulfate- 
rich sandstones elsewhere at the Opportunity site 
(20) and to some of the weakest rocks found by 
the rover Spirit (2/). 
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Fig. 1. Inset, top left, is a portion of a false-color HiRISE image centered on Cape York. Black outlines 
Matijevic Hill as shown in the main figure with initial traverses accomplished by Opportunity to evaluate 
the geologic setting of the region for which CRISM data showed the presence of Fe*?-rich smectite. Key 
named locations and the Espérance target are shown, along with the location from which the sol 3132 
Navcam mosaic shown in Fig. 3 was taken. Lower left shows a portion of CRISM ATO FRTO0001D86B 
centered on Cape York and processed to 9 m/pixel along track and projecting RGB as 2.2, 1.8, and 
1.2 um (see supplementary materials). The red region in the CRISM insert delineates where CRISM 
spectra show 2.28- and 2.39-um absorptions diagnostic of Fe*?-rich smectite. HiRISE observation 


ESP_032573_1775_color.jp2. 


Fig. 2. (A) CRISM-based, continuum- 
removed mean spectrum for the Fe*?- 
rich smectite locations on Matijevic Hill, 
together with a laboratory spectrum for 
the mix of 95% basalt and 5% non- 
tronite (18, 19). As explained in Supple- 
mentary materials, the increased noise 
level for wavelengths less than ~2.2 um 
precludes identification of subtle metal- 
OH absorption features for this wave- 
length interval. (B) Continuum-removed 
laboratory spectra of 100% fine-grained 
(clay-sized) montmorillonite (Al-rich), 
nontronite (Fe*?-rich), and saponite 
(Mg-rich) smectites are plotted. Non- 
tronite (12) is the best spectral match to 
the CRISM spectrum. Saponite spectrum 
is from sample LASA59 in the RELAB ar- 
chives at Brown University. Montmorillonite 
spectrum is from sample SWY-2, docu- 
mented in (37). 
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The elemental composition of most Matijevic 
formation rocks, as determined by the Alpha Par- 
ticle X-Ray Spectrometer (APXS) (Table 1), is 
similar to average martian soil (i.e., basaltic) 
(22), similar to average martian upper crust on a 
S- and Cl-free basis (23), and slightly higher in Si 
and Al and lower in Fe than the Shoemaker for- 
mation impact breccias that make up most of 
Cape York (/). Analysis of photon-scattering 
peaks (24) in APXS data from Matijevic mate- 
rials does not reveal excess light elements within 
detection limits. This observation places an up- 
per limit of ~5 weight percent (wt %) H2O in the 
rock. The inferred lack of hydration is consistent 
with the CRISM-based Fe**-rich smectite detec- 
tion that shows Fe-OH combination bands at 2.28 
and 2.39 um but lacks evidence for 1.4- or 1.9-um 
bands indicative of extensive interlayer water 
(see the supplementary materials). 

The Fe'*-rich smectite signature seen in 
CRISM data likely results from the presence of 
the veneers because these deposits are enriched in 
elements (Zn, S, Cl, and Br) that are mobile 
under aqueous conditions and match the signa- 
ture from CRISM data maps to locations where 
veneers are present (Figs. 1 and 3). Panoramic 
camera (Pancam) spectra show that, where dust 
has been brushed away using the RAT, the veneers 
exhibit a subtle absorption centered over the 
0.934-um band (Fig. 6). This feature is consistent 
with, but not uniquely indicative of, the presence 
of a Fe’*-rich smectite electronic transition ab- 
sorption (/2). An equivalent feature is not appar- 
ent in CRISM spectra retrieved for the CRISM S 
data (~0.45 to 1.0 um) for the region where the 
2.28- and 2.39-1m absorptions are present. This is 
likely because of the subtle nature of the 0.934-1m 
absorption and obscuration by wind-blown dust 
that dominates spectra for these wavelengths in 
most areas of Mars, including Endeavour’s rim 
segments. 


Spherules 


The spherules that are present in many Matijevic 
formation rocks are found in concentrations that 
range up to ~40% by volume, with highest values 
at the Kirkwood locality (Fig. 7). Spherules are 
typically 2 to 3 mm in diameter, with a ~S-mm 
maximum diameter. Wind erosion of the spherules 
has exposed concentric structures, with resistant 
outer shells, less resistant interiors that are vi- 
sually similar to the surrounding matrices, and 
irregular and resistant internal structures. Spherules 
are mostly matrix-supported, even at the Kirkwood 
locality, although some are in contact with one 
another. Kirkwood lacks laminar bedding, although 
roughly horizontal partings accentuated by wind 
erosion are weakly expressed. Spherule-rich out- 
crops like Kirkwood are resistant to erosion rela- 
tive to materials around them and, thus, stand out 
in positive relief. The RAT specific grind energy 
of Kirkwood is ~23 J/mm?*, ~8 times that of 
spherule-free Matijevic formation rocks. 
Spherules exhibit subtle compositional dif- 
ferences compared to the matrix in which they 
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are embedded (Fig. 8). FeOr increases with 
increasing spherule abundance, whereas CaO, 
Al,03, and MnO decrease. The FeO7/Mn0O ra- 
tio varies from <5SO in spherule-free Matijevic 
formation materials to >75 in spherule-rich tar- 
gets, extrapolating to >100 in pure spherules. 
Spherules are also slightly redder in Pancam 
color images than the matrix in which they are 
embedded, and cuttings produced by RAT abra- 
sion of dense accumulations of spherules show 
a subtle 0.535-tm absorption in Pancam data that 


is consistent with the presence of fine-grained 
iron oxides. 


Impact Breccias 

Overlying the Matijevic formation is a unit that is 
best exposed at Copper Cliff (Figs. 1, 3, and 9A). 
The contact at this location is planar and likely 
an unconformity, with an abrupt transition from 
the light-toned, fine-grained, orthogonally jointed 
Matijevic formation rocks upward into darker rock 
exposures in Copper Cliff with coarse, poorly 
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sorted rock clasts and no visible jointing. MI 
images show Copper Cliff rocks are breccias, with 
clasts up to a few centimeters in size (Fig. 9B). 
Some spherules are present and show a decrease 
in abundance up section. 

The elemental composition of the Copper Cliff 
breccias (Table 1) differs from that of Shoemaker 
formation impact breccias found elsewhere on 
Cape York (/), particularly near the bottom of the 
section on Matijevic Hill. The lowermost target, 
Onaping, has higher Al,O3 and lower FeO; than 


Onaping 


/ 


Copper Cliff 


Overlying Breccias 


Fig. 3. A portion of a Navcam image mosaic acquired on sol 3132 (see Fig. 1 for 
the location on Cape York) looking to the north and northeast at recessive, bright, 
finely layered Matijevic formation outcrops partially covered by dark veneers. 
Opportunity in situ observations were acquired for the Onaping, Sandcherry, and 
Espérance targets, in addition to several targets at Whitewater Lake and Kirkwood 
(see Fig. 4). The Matijevic formation materials are overlain by impact breccias 
(including rocks exposed on Copper Cliff) on the upslope portion of the scene. 


Fig. 4. Portion of a Pancam false-color mosaic ac- 
quired between sols 3064 to 3070 of the Kirkwood 
(dark outcrop at bottom of figure) and Whitewater 
Lake (planar bright outcrops with dark veneers) 
areas showing the targets Azilda, Chelmsford (veneer), 
and the Ortiz (veins). For scale, the distance between 
the Azilda and Ortiz targets is ~60 cm. Pancam bands 
L2 (0.753 um), L5 (0.535 um), and L7 (0.432 um) 
shown as RGB. 
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These breccias may or may not be part of the Shoemaker formation breccias 
exposed over much of Cape York. Matijevic formation outcrops extend to the 
right and downhill of the scene for ~30 m, whereas in the Whitewater Lake and 
Kirkwood areas, these rocks extend only ~4 m along the downslope direction. 
Stratigraphic section for the local area and surroundings is shown bottom 
right. The Grasberg unit includes materials that form the bench that surrounds 
Cape York (1). 
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Shoemaker formation breccias, whereas other rocks 
sampled that lie stratigraphically above Onaping 
(Vermillion Cliffs, Vermillion Lake, and Maley) 
become increasingly similar to Shoemaker for- 
mation breccias. All of these targets have high 
Ni compared with other Shoemaker formation 
breccias, but similar to those of the Matijevic 
formation rocks. 


Sulfate-Rich Veins 

Both Matijevic formation rock exposures and the 
overlying Copper Cliff breccias locally contain 
narrow, light-toned fracture-filling veins (Fig. 10A). 
Maximum widths are ~1 cm, and most are much 


narrower. Multiple APXS measurements on dense 
concentrations of veins show a strong correlation 
of CaO with SO, (Fig. 10B), in a ratio consistent 
with a dominance by Ca-sulfate. Pancam multi- 
spectral images of the veins show a marked down- 
turn in reflectance from 0.934 to 1.009 um. This 
same downturn has been observed for much larger 
Ca-sulfate veins west of Cape York, where it was 
attributed to a H,O overtone feature indicative of 
the hydrated CaSO, mineral gypsum (/, 25). 


Boxwork Fractures 


In a few locations, Matijevic formation outcrops 
are cut by decimeter-scale boxwork fractures 


Fig. 5. Pancam false-color view acquired on sol 3066 of fine-scale layering in the Whitewater Lake 
locality. Veneers have been resistant to wind erosion and enhanced the layered appearance of the 


outcrop. Layers are typically several millimeters thick. 


defined by planar fins and vertical laminae 
that lie parallel to quasi-orthogonal joint planes. 
A distinctive linear zone along one of the joint 
planes, named Espérance, is ~0.5 m long, with 
an irregular width reaching ~0.1 m. This area 
was the site of an intensive measurement cam- 
paign. The bulk of the material in Espérance is 
brighter than the host rock, with patchy darker 
coatings. The chemical composition of Espérance 
(Table 1) is noteworthy. After partial RAT abra- 
sion of the target Espérance6, APXS data show 
the lowest values of FeOr (4.4 wt %) and CaO 
(2.1 wt %), and the highest values of SiO» 
(62.5 wt %) and Al,O3 (15.4 wt %) measured 
by Opportunity at Meridiani Planum. In addi- 
tion, Pancam images of the brightest regions of 
Espérance show a downturn in reflectance from 
0.934 to 1.009 um, consistent with the presence 
of one or more hydrated mineral phases [e.g., 
hydrated silica (25)], although APXS scatter- 
peak ratios constrain the water content to be less 
than ~5 wt %. 


Interpretations 


The origin of Matijevic formation rocks is con- 
strained, although not uniquely, by their fine- 
grained and locally layered character. These rocks 
have been observed, to date, only on Matijevic 
Hill, and thus, broader geologic context for their 
formation is lacking. Fine-grained clastic rocks 
can form by impact, explosive volcanic, eolian, 
or fluvial and/or lacustrine processes, and without 
context, we cannot distinguish confidently among 
these possibilities. If the deposits are an impact- 
ite, the fine-grained nature, with overlying coarse 
breccias, implies that they are distal ejecta from 
an impact that predates Endeavour, not from the 
Endeavour impact itself. Whatever their origin, the 
Matijevic formation exposes the oldest materials 
investigated to date by Opportunity. 


Table 1. Elemental chemistry of selected samples as determined by the APXS instrument, under the standard assumption of a homogeneous 
APXS target matrix. FeO; denotes total iron oxides. MfLM, Matijevic formation matrix; MfLV, Matijevic formation veneer; MfSR, Matijevic formation spherule- 


rich; CCB, Copper Cliff breccia; ESP, Espérance. 


Portion (wt %) 


Concn. (ug g~*) 


aiibe Na2O MgO Al,03 SiO, P20; SO3 cl K,0 CaO TiO, Cr,0; MnO FeO; Ni Zn Br 
MfLM Azilda* 2.55 7.91 1060 51.2 150 247 0.53 028 5.98 0.87 0.24 0.36 154 922 134 48 
MfLV Sandcherry* 2.83 864 9.02 447 133 642 1.75 031 7.05 0.86 0.24 0.39 16.3 914 373-332 
MfLM Ortiz (no veins) 2.21 658 962 465 1.23 7.87 0.92 032 7.91 0.92 0.23 047 15.1 723 193 157 
MfLM = Ortiz2b (vein-rich) 2.09 6.28 8.57 42.0 1.17 13.51 0.95 0.27 10.35 0.78 0.22 0.47 13.2 670 144 208 
MfSR Kirkwood? 2.44 8.47 9.91 49.1 0.74 450 1.08 049 5.03 0.79 0.30 0.22 167 881 134 112 
MfSR Fullerton? 2.25 8.22 10.47 50.1 089 464 0.85 0.33 5.81 0.96 0.29 0.28 14.7 738 176 159 
MfSR Sturgeon River” 2.21 9.29 9.61 49.5 0.59 3.32 0.47 0.36 5.11 081 0.36 0.29 17.9 1165 132 57 
CCB Onaping 2.24 8.21 11.26 47.00 0.99 674 1.04 0.27 699 0.90 0.28 0.39 13.6 684 212 62 
CCB Vermilion Cliffs 2.25 8.09 10.27 450 104 871 1.27 O31 7.16 0.83 0.26 0.40 14.2 868 216 98312 
CCB Vermilion Lake 1.93 7.28 860 444 114 9.27 152 050 7.27 101 0.29 0.38 162 818 600 80 
CCB Maley” 2.24 8.17 8.94 43.6 0.99 9.79 1.70 041 7.02 0.87 0.25 0.36 15.5 863 414 85 
ESP Espérance2 2.16 6.49 10.36 506 126 893 2.61 045 5.80 0.99 0.28 0.27 9.6 707 484 233 
ESP Espérance6* 2.25 4.73 15.37 625 114 3.28 2.32 024 2.14 0.93 0.34 0.19 4.4 622 238 35 
ESP Lihir 1.66 5.89 12.92 584 1.19 625 158 037 4.03 116 0.32 0.16 5.8 644 304 114 
Dark soil* 2.34 7.33 9.65 47.0 0.85 468 0.59 051 7.38 0.90 0.39 0.39 17.6 349 199 24 

Average error +0.21 +0.11 +0.13 +0.4 +0.08 +0.09 +0.02 +0.06 +0.05 +0.07 +0.03 +0.01 +0.1 +50 +20 +20 


1sample abraded using the RAT. 
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3sample partially abraded using the RAT. 


“Typical Meridiani basaltic sand composition 
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Fig. 6. (A) Pancam false-color 
view showing the Chelmsford 
veneer after brushing using the 
RAT. Brushed areas are ~3.8 cm 
wide. Data acquired on sol 3098. 
(B) Pancam-based spectra of 
undisturbed bright layer, to- 
gether with Chelmsford veneer 
undisturbed and brushed sur- 
faces. Note the presence of the 
subtle absorption associated 
with the Pancam data acquired 
on sol 3098. 


Fig. 7. (A) Pancam false- 
color image acquired on 
sol 3208 of Matijevic for- 
mation rocks at the White- 
water Lake locality, showing 
embedded spherules. Ap- 
proximate scale across im- 
age is 40 cm. (B) MI mosaic 
acquired on sol 3064 show- 
ing a dense concentra- 
tion of spherules at the 
Kirkwood target and lo- 
cality. Approximate scale 
across the scene is 5 cm, 
and illumination is from 
the top. 


The veneers are likely the carrier of the Fe"*- 
rich smectite signature detected from CRISM data 
and are inferred to have formed either as surface 
deposits or along bedding plane fractures as mild- 
ly acidic (>5 pH) (26, 27) waters were neutralized 
by reactions with the finely layered strata These 
produced a small amount of Fe‘?-rich smectite 
and salts. 

Two hypotheses are considered for the origin 
of the spherules: (i) diagenetic concretions and (ii) 
accretionary lapilli (impact or volcanic). Textural 
arguments do not by themselves eliminate either 
hypothesis. Concretions with concentric zoning 
(.e., hard exteriors) similar to those observed in 
Matijevic Hill spherules can form under condi- 
tions of diffusion limitation from pore waters char- 
acterized by variable pH and low, but variable, 
oxygen availability (28-30). However, concen- 
tric structures are also found in some impact 
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lapilli (37, 32). Spherules in Matijevic formation 
rocks are found dispersed through finely layered 
bedding (Fig. 5). Hydraulic segregation accord- 
ing to particle size (and hence settling velocity) 
during entrainment by fluids should lead to sort- 
ing and deposition of coarse particles before fine 
particles (33). The observed dispersion of spherules 
across fine bedding in Matijevic formation rocks 
therefore favors an origin as concretions. Dense 
concentrations of spherules are observed at 
Kirkwood that fall near the high end of concre- 
tion densities found on Earth. This would require 
unusual bed-by-bed variation in rates of fluid flow 
or availability of nucleation sites, which occasion- 
ally does happen on Earth during formation of 
concretions. Dense decimeter-thick layers of ac- 
cretionary lapilli are also well documented in im- 
pact deposits and occur within a finer-grained 
matrix (34). 
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Perhaps the strongest evidence favoring a 
spherule origin as concretions is the difference in 
chemistry between the spherules and their matrix, 
but this difference is subtle (Fig. 8). If the spherules 
are concretions, they must be lightly cemented as 
compared to the hematite-rich concretions of the 
Meridiani plains (2). Extrapolating compositional 
data for spherule-rich rocks to 100% spherules 
suggests only about 20% FeO, (Fig. 8). If the 
change in FeO; concentration reflects an increase 
in Fe’, then cementation may involve a small 
proportion of ferric oxide or oxyhydroxide, con- 
sistent with the spectral properties of spherule 
cuttings. The increased FeO;/MnO in spherule- 
rich targets is consistent with changing redox 
and/or pH conditions such that Fe’? in solution 
oxidized to Fe’? and precipitated as a thin ce- 
ment, whereas Mn*” continued in solution to 
precipitate elsewhere. Interpretation of spherules 
as lapilli would require layer-specific alteration 
during diagenesis; therefore, both hypotheses in- 
voke groundwater flow within Matijevic forma- 
tion rocks. 

The rocks exposed at Copper Cliff and higher 
up the side of Matijevic Hill are impact breccias 
that probably date from the Endeavour impact 
event. They are either part of or are overlain by 
Shoemaker formation breccias exposed over 
much of Cape York (/) and are the stratigraph- 
ically lowest breccias examined by Opportunity 
to date. The spherules they contain may have been 
released from the Matijevic formation rocks dur- 
ing impact and mixed into the breccias. The dif- 
ferent chemical compositions of the lower Copper 
Cliff breccias, as compared to Shoemaker forma- 
tion breccias, also suggests some admixture of 
Matijevic materials, moderate aqueous alteration 
after emplacement, and/or a differing provenance 
reflected in a higher feldspathic/mafic ratio in the 
lithic fragments. The high Ni content suggests Ni 
mobilization by alteration fluids subsequent to 
emplacement of the breccias. 

The sulfate-rich veins observed in both the 
Matijevic formation and at Copper Cliff formed 
when narrow fractures were filled by calcium 
sulfate precipitated from fluids generated within 
the underlying Noachian crust. Calcium sulfate 
was likely precipitated closest to the Noachian 
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Fig. 8. Oxide concentrations in spherule- 
bearing targets are plotted as a func- 
tion of the fraction of the APXS field of 
view filled by spherules as determined 
from Ml images. Error bars represent 2-o 
error for precision of the measurements. 


Fig. 9. (A) Portion of a Pancam false-color 
mosaic acquired over sols 3137-3150, show- 
ing dark-toned impact breccias of the 
Copper Cliff outcrop overlying lighter- 
toned Matijevic formation materials. The 
width across the dark outcrops is ~1.5 m. 
Location of Onaping MI mosaic shown in 
(B) is indicated by circle. (B) MI mosaic ac- 
quired on sol 3158, showing breccia clasts, 
spherules, and light-toned veins in the 
target Onaping. Approximate scale across 
the image is 6 cm, and illumination is from 
the top. 
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source rocks, rather than other sulfates (e.g., 
MgS0O,q:nH,0; FeSO,-nH,0) or chlorides, be- 
cause of its lower solubility in most aqueous 
fluids. The veins postdate the Copper Cliff breccias, 
so this aqueous activity postdates the Endeavour 
impact, which suggests that impact-driven hydro- 
thermal flow could have been a factor. Centimeter- 
width, linear gypsum veins have also been observed 
adjacent to Cape York (/), and the narrower and less 
regular veins of Matijevic Hill could date from 
the same episode, although no observed geologic 
relations confirm this. 

The distinctive chemistry of Espérance indi- 
cates substantial aqueous alteration, particularly 
when viewed in the classical ternary diagram of 
mole fraction Al,O3 — (CaO + Na»O + K30) — 
(FeO; + MgO) (Fig. 11B). In this diagram, silicate 
minerals that plot along and below the feldspar— 
(FeO; + MgO) join are igneous, whereas, above 
the join, secondary clay minerals dominate (35). 
Data for spherule-rich rocks plot toward the 
FeO; + MgO apex, whereas data for veins plot 
toward the CaO + NazO + KO apex, consistent 
with compositional inferences discussed in pre- 
vious paragraphs. Six APXS measurements were 
made on Espérance, culminating in the target 
Espérance6 that was partially abraded with the 
RAT, plus a seventh nearby point called Lihir 
(Fig. 11A). These data define a near-vertical trend 
in the diagram that is interpreted as a mixing line 
between typical Matijevic formation rocks and 
the underlying altered rock best represented by 
Espérance6. Results are consistent with a high 
concentration of an Al-rich smectite. The Espérance 
data also show a positive correlation between 
Al,O3 and SiO, with excess silica indicated at 
low Al,O3 values (Table 1). A mineral assem- 
blage that includes substantial amounts of Al-rich 
smectite and a siliceous phase or phases provides 
compelling evidence for substantial aqueous al- 
teration. In addition, the loss of iron implies that 
the fluid was reducing because ferric oxides would 
have been generated under oxidizing conditions 
at all but very low pH values. 

The boxwork fractures at Espérance and else- 
where are similar to the parallel slablike foliations 
commonly associated with mineral volume changes 
at uniform depths on rock exteriors and could 
have presented pathways for fluid flow. The strong 
localization of alteration along these fractures 
indicates that the alteration occurred in place, af- 
ter the fractures formed. 

The events recorded at Matijevic Hill imply 
an aqueous environment different from those 
that produced the overlying sulfate-rich Burns 
formation sandstones. Deposition began with 
fluvial, eolian, distal impact or explosive volcanic 
emplacement of layered, fine-grained deposits 
that dominate the Matijevic formation. These 
materials underwent minor aqueous modifica- 
tion that generated Fe'?-rich smectite and lo- 
cally more intense alteration by enhanced fluid 
flow along fractures that generated relatively high 
concentrations of clay minerals and hydrated 
silica-rich materials. Breccias were subsequently 
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Fig. 10. (A) MI mosaic acquired on sol 3189 of the vein-rich 
location named “Ortiz” at the Whitewater Lake locality, 
merged with coregistered Pancam enhanced color data. 
Circles show the fields of view of four APXS measurements. 
Circle diameters are 3.8 cm. (B) CaO versus SO3 for the APXS 
placements on Ortiz tragets (multiple measurements were 
made at some locations). Error bars are relative counting 


statistics, 20. 


Fig. 11. (A) Pancam false-color view acquired on sol 3230 showing the box- 
work structure and examined in detail. Circle indicates the targets Espérance6 
(which was abraded with the RAT) and Lihir. Approximate scale across the scene 
is 70 cm. (B) Ternary plot of mole fraction Al,O3— (CaO + Na20 + K,0) — (FeO; + MgO) 


emplaced above the Matijevic formation, probably 
by the Endeavour impact. Subsequently, postim- 
pact fluid circulation, perhaps including impact- 
triggered hydrothermal flow, led to precipitation 
of Ca-sulfate veins in fractures that cut through 
both the Matijevic formation and the overlying 
Copper Cliff breccias. 

The aqueous modification of Matijevic ma- 
terials provides evidence for the earliest episode 
of water activity documented by Opportunity. In 
particular, the unusual chemistry of Espérance 
points to an early period of localized intense al- 
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CaO+ 
Na,0+K,O 


teration under fluid-dominated, near-neutral to 
modestly low pH and reducing conditions that 
would, at least transiently, have been more fa- 
vorable to life or prebiotic chemistry (36) than the 
very low acidic conditions recorded by younger 
Burns formation sulfate-rich sandstones. 
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Charge Order Driven by Fermi-Arc 
Instability in Bi,Sr_,La,Cu0g,; 
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The understanding of the origin of superconductivity in cuprates has been hindered by the 
apparent diversity of intertwining electronic orders in these materials. We combined resonant x-ray 
scattering (REXS), scanning-tunneling microscopy (STM), and angle-resolved photoemission 
spectroscopy (ARPES) to observe a charge order that appears consistently in surface and bulk, 
and in momentum and real space within one cuprate family, BizSr2_,La,CuOg+5. The observed 
wave vectors rule out simple antinodal nesting in the single-particle limit but match well 

with a phenomenological model of a many-body instability of the Fermi arcs. Combined with 
earlier observations of electronic order in other cuprate families, these findings suggest the 
existence of a generic charge-ordered state in underdoped cuprates and uncover its intimate 


quantified the Fermi surface by using angle- 
resolved photoemission spectroscopy (ARPES), 
and we looked for charge modulations along 
the Cu-O bond directions in both real and re- 
ciprocal space by using scanning-tunneling mi- 
croscopy (STM) and resonant x-ray scattering 
(REXS). The single-layer Bi2201 is well suited to 
this purpose owing to (i) its two-dimensionality 
and high degree of crystallinity (27, 22) and (11) the 
possibility of probing the temperature evolution 
across 7*, which is better characterized (/5, 16) 
and more accessible than in bilayer systems. This 
study, by bringing together three different tech- 
niques on the same material belonging to the Bi 
family together with related observations on La- 
and Y-based compounds, suggests the ubiquity 
of charge ordering in underdoped cuprates [see 
also the related report for bilayer Bi2212 (23)]. 

REXS uses x-ray photons to exchange mo- 
mentum with the electrons and the ionic lattice 
in order to gain information on the electronic 


connection to the pseudogap regime. 


ince the discovery of cuprate high-temperature 
superconductors, several unconventional 
phenomena have been observed in the re- 
gion of the phase diagram located between the 
strongly localized Mott insulator at zero doping 
and the itinerant Fermi-liquid state that emerges 
beyond optimal doping (/—20). The so-called 
pseudogap (PG) opens at the temperature T* 
and obliterates the Fermi surface at the antinodes 
(ANs) of the d-wave superconducting gap func- 
tion, leaving behind disconnected “Fermi arcs” 
centered around the nodes. In addition, charge 
order has been observed on the surface of Bi- and 
Cl-based compounds (4-8), in the bulk of La- 
based compounds (9—//), and most recently in 
YBazCu306+8 (YBCO) (/7—20), indicating that 
this might be the leading instability in underdoped 
cuprates. The similarity between the observed 
charge ordering wavevector and the antinodal 
nesting vector of the high-temperature Fermi sur- 
face has prompted suggestions that a conventional 
Peierls-like charge-density wave (CDW) might 
be responsible for the opening of the pseudogap 
(7, 8, 12, 19). We used complementary bulk and 
surface techniques to examine the validity of this 
scenario and explored the connection between 
charge ordering and fermiology. 
By applying a suite of complementary tools 
to a single cuprate material, Bip Sr_,La,CuO¢+s5 
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charge distribution. As opposed to conventional 
x-ray diffraction, which is widely used for struc- 
tural studies, in REXS the photon energy is 
tuned to resonance with one of the element- 
specific absorption lines. This results in a strong 
enhancement of the sensitivity to the valence 


(Bi2201), we reveal that the charge order in this 
system emerges just below 7*, with a character- 
istic wave vector corresponding to the Fermi arc 
tips rather than the antinodal nesting vector. We 
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Fig. 1. REXS and STM comparison on Bi2201. (A) Bi2201 low- and high-temperature scans of the in- 
plane momentum Q\, showing the emergence of a CO peak around Qco ~ 0.265. (B) Resonance profile at 
Qco after background subtraction (red markers), superimposed onto the Cu-L3 absorption edge (blue line). 
(C) Temperature dependence of the CO-peak area for the three Bi2201 doping levels investigated; dashed 
lines are linear fits, with baseline marking the zero intensity position for each data set. Hollow and full 
markers for UD15K correspond to positive and negative wave vectors Q > 0 and Q\ < 0, respectively, 
for different samples. The PG temperature 7* (gray boxes) is from Knight shift measurements (36). (D) 
Bi2201 di/dV map, taken at 24-mV bias over a 29-nm region (9 K, —200 mV, and 250 pA). A charge 
modulation with period ~ 4a 9 is seen in real space. (E) Fourier transform (FT) of (D), after fourfold 
symmetrization [black circles mark the position of the Bragg vectors(+1, 0) and(0, +1)]. Highlighted by the 
blue box is the region corresponding to the line cut in (F), whose peak structure is suggestive of a periodic 
modulation with wave vector Qco ~ 0.248. Horizontal bars represent half widths at half maximum. 
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electrons and allows the detection of very small 
variations in the electronic density profile with- 
in the CuO, planes (//), which are difficult to 
determine by using nonresonant methods. We 
performed REXS measurements along the te- 
tragonal crystallographic a and b axes, with 
the corresponding reciprocal axes labeled Q,, 
and Qx, for three doping levels of Bi2201 (24). 
Because of the near-equivalence of Q;,; and Qx, 
we will hereafter use the common notation Qy 
and define reciprocal lattice units (r.l-u.) for 
momentum axes as 21/ay = 2n/by = 1, with 
ay = bo = 3.86A. Figure 1A shows REXS scans 
at high (300 K) and low (20 K) temperatures 
acquired on a UDI5K sample near the Cu-L3 ab- 
sorption peak at a photon energy Av = 931.5 eV. 
An enhancement of scattering intensity, in the 
form of a broad peak, is visible at 20 K at |Q)| = 
0.265 + 0.01, whereas at 300 K it disappears 
into the featureless background (dominated by 
fluorescence). By subtracting the latter, we can 
study the dependence of the low-temperature fea- 
ture on photon energy, which reveals its reso- 
nant behavior at the Cu-L3 edge (Fig. 1B). The 
resonant enhancement, together with the absence 


of features at the La-Ms absorption edge (fig. 
S6), demonstrates that the peak originates from 
charge order (CO) occurring in the CuO) planes. 
Furthermore, the gradual dependence of the peak 
intensity on the out-of-plane component of the 
wavevector Q, is similar to observations in YBCO 
(7) and indicative of short coherence along the 
c axis. Figure 1C shows the temperature evolu- 
tion of the CO peak in REXS: There is an onset 
temperature Tco, but we cannot conclusively 
determine whether 7co corresponds to a sharp 
phase boundary. Although the charge modula- 
tion breaks translational symmetry, the system 
lacks long-range order as evidenced by the short 
correlation length (Eco ~ 20 to 30 A). The latter 
evolves only weakly with doping and temperature 
(fig. S5) and therefore suggests either strong 
disorder or substantial fluctuations persisting down 
to low temperatures (25). In either case, the con- 
vergence of Tco and 7” for all doping levels sug- 
gests an intimate relationship between the CO 
and the PG correlations. 

STM is used to detect the charge distribution 
in real space, by scanning an atomically sharp 
tip over the cleaved Bi2201 surface and map- 


Table 1. Comparative summary for the CO peak parameters. Data from REXS and STM for the 
various doping levels. For ARPES, the value listed here corresponds to the observed Qys, also shown 
in Fig. 3C. The PG temperature 7* (gray boxes in Fig. 1C) is from Knight shift measurements (36). 


n/a, not applicable. 


Parameters 
Technique Sample ; 
Qco (r.Lu.) Eco (A) Tco (K) qT (K) 

UD30K (p ~ 0.145) 0.243 + 0.01 2143 180 + 30 185 + 10 
REXS UD22K (p ~ 0.130) 0.257 + 0.01 23 +3 202 + 20 205 + 10 

UD15K (p ~ 0.115) 0.265 + 0.01 26 +3 237 +10 240 + 10 
STM UD15K (p ~ 0.115) 0.248 + 0.01 28 +2 n/a 240 + 10 
ARPES UD15K (p ~ 0.115) 0.255 + 0.01 n/a n/a 240 + 10 
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Fig. 2. ARPES and theory comparison on Bi2201. Modeled Fermi surface for hole-doping p = 0.12 
for (A) the noninteracting and (B) the interacting case, which is computed via the inclusion of the self- 
energy Zpg(k, w). A further Gaussian smearing (C), with Ak, = Ak, = 0.03 x/a representing the effective 
experimental resolution, allows comparison between the calculated and measured Fermi surface from 
UD15K Bi2201 (21). The AN nesting at Qay (white arrow) can be contrasted with the Qy>-vector associated 
with the tips of the Fermi arcs (HS), marked by the gold connector. 
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ping the differential tunneling conductance 
dI/dV(r,V) (where J is current, V is potential, 
and r is position), which is proportional to the 
local density of states at energy « = eV. Here we 
apply STM to the same UD15K sample studied 
by REXS. The map of d//dV(r,V = 24 mV) 
in Fig. 1D shows an incommensurate charge mod- 
ulation along the a and b axes, consistent with 
either a disordered checkerboard or stripe modu- 
lation (25). The Fourier transform of d//dV (r,V) 
(Fig. LE) and associated line cut (Fig. 1F) quan- 
tify the CO peak at |Q)| = 0.248 + 0.01. This 
is in good agreement with Oco from REXS and 
also with Qco recently reported in the context 
of phonon anomalies in Bi2201 (26). Further- 
more, the feature found in STM has a corre- 
lation length Egg ~ 28A, again in agreement 
with REXS. A summary of the REXS and STM 
results is presented in Table 1. We therefore 
arrive at the empirical convergence of a CO that 
onsets right below 7* (REXS) and whose wave 
vector is consistent on surface (STM) and bulk 
(REXS). 

The next step is to link the universal surface 
and bulk charge order to the fermiology. We 
quantified and clarified this connection by using 
ARPES to map the Fermi surface on the same 
UDIS5K Bi2201 sample studied by REXS and 
STM (2/, 22). In a similar context, the ARPES- 
derived octet model in the interpretation of 
quasi-particle scattering as detected by STM 
(27) is a successful example of such a connec- 
tion and demonstrates the importance of low- 
energy particle-hole scattering processes across 
the “pseudogapped” Fermi surface. 

From the raw ARPES data (Fig. 2C) (21), 
we deduce that the charge-ordering wave vector 
connects the Fermi arc tips, not the antinodal 
Fermi surface sections, as had been assumed 
previously (7, /2, 19). To better understand 
the empirical link between charge order and 
fermiology, we first derived the noninteracting 
band structure by fitting the ARPES-measured 
spectral function Agxp(k, @) (where k and @ are 
electron momentum and energy, respectively) to 
a tight-binding model (2/, 22, 24). The cor- 
responding Fermi surface is shown in Fig. 2A 
for hole doping p = 0.12, equivalent to UD15K 
(28). The AN nesting, marked by the white ar- 
row, yields an ordering wave vector Oan ~ 0.139, 
in disagreement with the REXS/STM average 
value Oco ~ 0.256. To account for the suppres- 
sion of antinodal zero-energy quasi-particle ex- 
citations, a hallmark of the PG fermiology, we 
constructed a model spectral function Apg(k, o) 
with an appropriate self-energy Zpg(k, @), which 
combines the features found from exact diago- 
nalization of the Hubbard model (29) with the 
doping-dependent parameters introduced in 
(30) (see supplementary note 3 for more de- 
tails). Figure 2B shows how the noninteract- 
ing Fermi surface is transformed by the action of 
our Zpg(k, @) and also highlights the concur- 
rent shift in the smallest-O zero-energy particle- 
hole excitation (gold connectors). The interacting 
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Fig. 3. Doping dependence of the CO wave vector Qco. Data from REXS and STM on Bi2201 [this 
work and (7)]; bars represent peak widths rather than errors. Also shown are the doping dependence of 
the Fermi surface—derived wave vectors Qay (AN nesting) and Quys (arc tips) measured from the ARPES 
spectral function Apg(k, ), as well as the wave vector Oya from the Hubbard-model-based electronic 


susceptibility (29). 


spectral function Apg(k, @) used here is tuned to 
optimize the match with the corresponding ARPES 
data (2/, 22); after accounting for instrumental 
resolution, Ak, the agreement with the exper- 
imental data is excellent, as shown in Fig. 2C. 
The vector connecting the tips of the Fermi arcs, 
called hot spots (HSs), is found to be Qus ~ 
0.255, closely matching the experimental values 
of Qco found for the UDI5K sample (see also 
Table 1). 

In Fig. 3, we report the doping dependence 
of the charge-order wave vector Qco as seen 
experimentally, as well as Qan and Qyg as ob- 
tained from the spectral functions 49(k, o) and 
Apg(k, @) for the noninteracting and interact- 
ing cases, respectively. The superconducting 
temperature—to—doping conversion for the experi- 
mental points is taken from previous studies on 
La-substituted Bi2201 (28); for Pb-substituted 
Bi2201 (7), this correspondence might be altered 
because Pb may contribute holes as well. The 
mechanism based on electron-hole scattering 
between AN excitations, with wave vector Qan, 
proves to be inadequate throughout the whole 
doping range. On the other hand, both the wave 
vector magnitude Qys and doping-dependent 
slope dOys/dp agree with the Bi2201 experi- 
mental data, thereby establishing a direct con- 
nection between charge order and HS scattering. 
To gain further phenomenological insights into 
a possible link between the ordering of the elec- 
tronic density and the available charge dynamics, 
we evaluated the momentum-dependent electronic 
response (susceptiblity) near the Fermi surface, or 
%e(Q,Q) (see supplementary note 3 for more 
details). We approximate 7(Q,Q) as a self 
convolution of the single-particle Green’s func- 
tion G(k,@), in line with a similar approach 


successfully used in the study of magnetic ex- 
citations in cuprates (3/—33). Despite the sim- 
plicity of our model, the results for Re{y,,} 
along the direction of the experimental charge- 
ordering confirm that there is an enhancement of 
particle-hole scattering at a wave vector Q,, 
closely following Qys (dashed red line in Fig. 3). 
This convergence supports the idea that account- 
ing for the empirical role played by the HSs is of 
critical importance for future, more quantitative 
studies of the electronic instability. 

The convergence between the real- and 
reciprocal-space techniques in our study indi- 
cates a well-defined length scale and coher- 
ence associated with the electronically ordered 
ground state. These findings on Bi2201 suggest 
that the short-ranged charge correlations in Bi- 
based cuprates (4—7), and the longer-ranged 
modulations seen in Y-based (/8, 19, 34, 35) 
and La-based compounds (9-//), are simply 
different manifestations of a generic charge- 
ordered state [see (23) for related findings on 
Bi2212]. That the experimental ordering wave 
vectors can be reproduced through the correlation- 
induced Fermi arcs in the PG state demonstrates 
a quantitative link between the single-particle 
fermiology and the collective response of the 
electron density in the underdoped cuprates. 
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Ubiquitous Interplay Between Charge 
Ordering and High-Temperature 
Superconductivity in Cuprates 


Eduardo H. da Silva Neto,’*+ Pegor Aynajian,**t Alex Frano,”> Riccardo Comin,’ 
Enrico Schierle,? Eugen Weschke,? Andras Gyenis,* Jinsheng Wen,” John Schneeloch,”° 
Zhijun Xu,° Shimpei Ono,’ Genda Gu,” Mathieu Le Tacon,” Ali Yazdani*§ 


Besides superconductivity, copper-oxide high-temperature superconductors are susceptible to other 
types of ordering. We used scanning tunneling microscopy and resonant elastic x-ray scattering 
measurements to establish the formation of charge ordering in the high-temperature superconductor 
BizSr2CaCuz0g,,. Depending on the hole concentration, the charge ordering in this system occurs 
with the same period as those found in Y-based or La-based cuprates and displays the analogous 
competition with superconductivity. These results indicate the similarity of charge organization 
competing with superconductivity across different families of cuprates. We observed this charge 
ordering to leave a distinct electron-hole asymmetric signature (and a broad resonance centered 
at +20 milli—electron volts) in spectroscopic measurements, indicating that it is likely related to the 


organization of holes in a doped Mott insulator. 


nderstanding the mechanism of super- 

| | conductivity and its interplay with other 
possible spin or charge organizations in 
high-transition temperature (7..) cuprate super- 
conductors remains one of the greatest challenges 
in condensed matter physics. The observation 
in La-based cuprates of a suppression of 7, near 
x = 1/8 doping (hole/Cu) coinciding with the 
organization of charge into stripe-like patterns 
with four lattice constants (4a) periodicity pro- 
vided early evidence that charge ordering (CO) 
competes with superconductivity (/, 2). Recently, 
x-ray scattering experiments on highly ordered 
Y-based cuprates have discovered that in the same 
range of hole concentration (near x = 1/8), there 
is a competing charge organization with an in- 
commensurate ordering vector (~ 3.3a periodic- 
ity) (3, 4). These experiments raise the question 
of whether there is a universal CO mechanism 
common to all underdoped cuprates [although 
crystalline structures in each compound may 
modify details of the resulting ordering patterns 
(5, 6)]. If there is a connection between the ob- 
served COs in different compounds, what is the 
mechanism by which this phenomenon competes 
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or is intertwined with high-7, superconductivity 
(7)? Do strong correlations, such as those present 
as a result of proximity to the Mott insulator, 
play a role in the CO state and its interplay with 
superconductivity? 

To address these questions, we have carried 
out scanning tunneling microscopy (STM) and 
spectroscopy, as well as resonant elastic x-ray 
scattering (REXS) measurements, on underdoped 
BiySrCaCu20g;x (Bi-2212) samples. The Bi-2212 
system is the only material system among the 
cuprates for which there is detailed spectroscopic 
information on the Fermi surface and the oc- 
cupied electronic states as a function of temper- 
ature and doping, obtained from angle-resolved 
photoemission spectroscopy (ARPES) performed 
over the past two decades (8-10). Yet, ARPES 
measurements have not shown any evidence 
of band folding associated with CO along the 
Cu-O bond direction in this system (9, //7, 12). 
STM studies have long reported evidence of spa- 
tial modulation of electronic states in Bi-based 
cuprates (13-19), but evidence for CO in these 
experiments is often obfuscated by the disorder- 
induced energy-dispersive quasiparticle interfer- 
ence (QPI) effect (19-21). The analysis of STM 
conductance maps over a range of energies has 
been used to provide evidence for fluctuating 
charge organization in Bi-2212 below 7*, with 
strongest enhancement near 1/8 doping—the same 
doping range in which charge organizations have 
been seen in Y- and La-based cuprates (/9). How- 
ever, it remains a challenge to clearly separate 
signatures of CO from those of QPI in STM ex- 
periments and, more importantly, to corroborate 
the surface-sensitive measurements with bulk- 
sensitive experiments. Here, we provide high- 
resolution energy-revolved STM spectroscopy 
experiments that clearly distinguish between QPI 
and CO features as a function of doping and tem- 
perature; this CO signature is also detected in our 
temperature-dependent REXS measurements. 
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The geometry of the combined experimen- 
tal approach for examining CO in underdoped 
Bi-2212 samples is shown in Fig. 1A, in which we 
contrast the discrete Fourier transform of STM 
conductance maps with bulk scattering results 
from REXS. A typical example of a STM con- 
ductance map is shown in Fig. 1B for a UD45 
(underdoped Bi-2212, 7, =45 K) sample at 30 K. 
The discrete Fourier transform of the conduct- 
ance map (Fig. 1, C and D) shows a strong peak 
of wave vector q = (+6, 0)2n/a and (0, +8)2z/b, 
and 6 = 0.3, along the Cu-O bond directions, 
corresponding to the real space modulations in 
Fig. 1B. The results from REXS measurements 
(incident photon energy of 931.5 eV, resonant 
with the Cu L3-edge) on the same sample are 
shown in Fig. 1, E and F, as a function of the 
component of momentum transfer along the a 
direction (Fig. 1A) (22). The low-temperature 
REXS measurement (Fig. 1E) shows a peak at 
the same incommensurate wave vector (6 ~ 0.3) 
as those in the discrete Fourier transform of the 
STM conductance maps (Fig. 1, C and D), es- 
tablishing that the STM modulations on the sur- 
face of Bi-2212 sample are in fact due to a CO 
that can also be detected in the bulk [a similar 
finding on Bi-2201 is provided in (23)]. 

To understand why such a CO phenomenon 
has remained undetected in ARPES studies and 
to reveal a key spectroscopic characteristic of 
this ordering, we examined the energy depen- 
dence of STM conductance maps. The energy 
evolution of the features in the discrete Fourier 
transform of the conductance maps is shown in 
Fig. 2, along the Cu-O bond direction, measured 
at 30 K for a range of doping, from optimally 
doped (OP91) to strongly underdoped (UD15) 
samples. In the optimally doped sample (Fig. 2A) 
at temperatures well below 7,, the energy—wave 
vector structure along the Cu-O bond direction 
shows no sign of CO. Instead, it shows an energy- 
dispersing particle-hole symmetric wave vector 
originating from disorder-induced scattering in- 
terference of superconducting Boguliobov-de 
Gennes quasiparticles (BdG-QPI) (13, 18, 19, 24). 
Reducing the doping toward the underdoped 
regime (Fig. 2, A to G), we found that the BdG- 
QPI features are systematically weakened, whereas 
a separate nondispersive modulation with a rela- 
tively sharp wave vector appears and strengthens 
peaking near UD35 (Fig. 2F). This wave vector 
(for example, 5 = 0.3 in Fig. 2, E to G) corre- 
sponds to the CO wave vector we find in the 
REXS measurements (Fig. 1E and fig. S7). 
The widths in momentum of this CO peak [full 
width at half maximum, 2T ~ 0.04 reciprocal lat- 
tice units (rlu)], which agree well with our REXS 
measurements (2T ~ 0.05 rlu, or equivalently 
20a in real space), are larger than those recently 
observed in the Y-based cuprates (3) and indicate 
a rather short-range order. Our energy-resolved 
STM conductance maps further show that these 
CO modulations only appear over a range of 
energies (0 to 50 meV) above the chemical po- 
tential, a behavior not expected in a conventional 
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charge-density-wave (CDW) order. Despite 
being broad in energy, we found the intensity of 
the CO feature to be centered at ~+20 meV above 
the chemical potential at all doping levels (Fig. 
2H). The particle-hole asymmetry of the CO 
feature in the STM data clearly distinguishes it 
from the BdG-QPI signals and explains the ab- 
sence of such CO features in the ARPES studies. 

The CO wave vectors extracted from our STM 
measurements show distinct similarities to other 
families of the cuprates. For a hole concentration 
of x < 0.1, the incommensurate CO wave vector 
5 = 0.3 matches the CDW observed in the Y-based 
cuprates, whereas for x > 0.1, the nearly com- 
mensurate wave vector 6 ~ 0.25 is very similar to 
that found in the stripe phase of La-based cuprates 
(Fig. 2H). Although an incommensurate 6 and its 
decrease with doping are expected from a Fermi 
surface nesting mechanism, the narrow doping 
range over which the jump in 6 occurs in Bi-2212 
may be an indication of possible competition be- 
tween two different stable forms of CO in the 
cuprates. More broadly, though, the fact that CO 
in Bi-2212, in a range of doping without any 
structural distortion, can be either similar to Y- or 
La-based cuprates demonstrates our key point 
that CO is a ubiquitous phenomenon to under- 
doped cuprates. 

Further evidence that connects measurements 
on Bi-2212 to other cuprates and probes the in- 
terplay between CO and superconductivity comes 
from examining the temperature dependence 
of the REXS and STM data. The CO signature 
in our REXS measurements is first detected at 
relatively high temperatures (Fig. 1F). By lower- 
ing the temperature, the intensity of the CO in- 
creases only down to T., below which it gradually 
weakens, suggesting a competition with super- 
conductivity. More detailed signatures of the 
interplay between CO and superconductivity are 
observed in our STM measurements as a function 
of temperature for a UD75 sample (in which tem- 
peratures much lower than 7, can be accessed in 
our experiments). The CO signature above the 
chemical potential (near 6 ~ 0.25 for this sample) 
is very strong at temperatures just above 7. 
(Fig. 3A), while being nearly absent when the 
sample is cooled to roughly 0.15*7, (Fig. 3D). 
Instead, at low temperatures, as shown in Fig. 
3D, the STM data for this weakly underdoped 
sample recover the particle-hole-symmetric dis- 
persing features that are due to BdG-QPI, which 
is consistent with a d-wave superconducting 
gap (25). This trend is analogous to the doping- 
dependent STM data of Fig. 2, in which the CO 
(measured at a constant temperature, T= 30 K) 
peaks at the UD35 sample (where T ~ T.). To- 
gether, these findings not only clearly show su- 
perconductivity wins over CO at low temperatures 
but also provide key information about this com- 
petition in momentum space. 

Previous analyses of impurity-induced QPI data 
at low temperatures, such as the data displayed 
in Fig. 3D, associated the observed dispersing 
wavevectors along the Cu-O bond direction with 


the scattering of BdG quasiparticles between 
points on the Fermi surface. A schematic Fermi 
surface for a Bi-2212 UD75 sample is shown in 


Fig. 3E together with the different QPI wave vec- 
tors connecting different segments of the Fermi 
surface, starting from near the antinodes at large 
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Fig. 1. CO in Bi-2212. (A) Schematic of the combined experimental STM-REXS approach. REXS 
experiments were performed with vertically polarized photons (o) in a horizontal scattering geometry (22) 
and yield momentum space information corresponding to the real space modulations seen by STM (front) or, 
more directly, to the discrete Fourier transform of the STM real space data (back). We use the tetragonal 
crystal structure, where a = b = 3.8 A represents the nearest neighbor Cu-Cu distance. (B) STM conductance 
map (15 meV, normalized to its spatial average) on a UD45 sample measured at 30 K. (Inset) The direction 
of the Cu-O-Cu bond direction relative to the measurement. Scale bar, 140 A. (C) Discrete Fourier transform 
of the conductance map in (B); the corners of the image represent the atomic Bragg peaks at (+27/a, 0) and 
(0, +2n/b). The discrete Fourier transform is mirror-symmetrized and normalized to its average value. The 
color scale represents the power spectral density (PSD) normalized to the 5 = 0.3 peak (blue arrow), which 
corresponds to the real space modulations seen in (B). The central peak (5 < 0.2) corresponds to long 
wavelength inhomogeneity of the conductance map. (D) Line-cut of the energy-integrated (0 to 50 meV) 
discrete Fourier transform along the Cu-O bond direction [(C), red arrow] showing a clear peak at 5 = 0.30. 
Dashed line represents fit to a Lorentzian plus a background (22). (E) REXS 8-scans (22) for positive 5 at low 
(blue) and high (red) temperatures on the same sample as in (B), showing a clear enhancement near 5 = 0.3 
at low temperatures. (Inset) Background subtracted 10 K data, where the dashed line represents a Lorentzian 
fit to the data (22), in the same units as (E). (F) The REXS intensity extracted from the background-subtracted 
peak maxima as a function of temperature (22). The vertical dashed line corresponds to 7, = 45 K. 
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energies (small 5) to points near the nodes at low 
energies (large 6) (13, 18, 24, 25). The Fermi 
surface of this sample, like other underdoped 
cuprates, is gapped at the antinodal region be- 
cause of the formation of the pseudogap at high 
temperatures T* (which is well above 7. for 
this sample). Contrasting STM data above and 
well below 7. shows, first, that the same quasi- 
particles involved in the CO at high tempera- 
ture are associated with superconducting pairing 
at low temperatures and, second, that those 
quasiparticles occupy regions near the ends of 
the Fermi arcs (Fig. 3E) (22, 23). The fact that 
such a competition occurs away from the anti- 
nodes suggests that charge organization is sec- 


ondary to the formation of the pseudogap 
phase (/9). 

The unusual appearance of CO only when 
tunneling electrons into the sample from the STM 
tip (only for energies above the chemical poten- 
tial), and its absence in ARPES studies, suggests 
that the nature of this organization is related to the 
strong electronic correlations, which have long 
been predicted to give rise to asymmetric tunnel- 
ing in the doped Mott insulators (26, 27). Ina 
simplified picture, if holes doped in a Mott in- 
sulator organize into patterns, tunneling electrons 
into the sample at low energies would be much 
easier into the hole sites as opposed to electron 
sites because double occupancy is energetically 


unfavorable. In contrast, tunneling electrons out 
of the sample can easily occur at any site because 
either electrons are already present or can hop 
there from a nearby site on the lattice. Whether 
such constraints on the tunneling processes in a 
Mott system can explain the broad resonance 
(+20 meV) that we observe above the Fermi 
energy (which is remarkably independent of 
doping) requires further investigations. Overall, 
although much remains to be understood about 
the underlying mechanism of CO or its unusual 
characteristics reported here, its universality across 
cuprate families establishes it as a critical compo- 
nent for understanding the electronic properties 
and superconductivity of high-7, cuprates. 
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Fig. 2. Doping dependence of the STM data. (A to G) Energy- 
momentum structure of the modulations seen in STM along the Cu-O 
bond direction, extracted from line cuts along the (2x/a, 0) direction of 
the discrete Fourier transforms measured at 30 K for different doping 
levels (22). (H) Energy and 6 location of the CO feature as a function of 
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Fig. 3. Temperature dependence of the STM data. (A to D) Energy- 
momentum structure of the modulations seen in STM along the Cu-O bond 
direction, extracted from line cuts along the (2z/a, 0) direction of the discrete 
Fourier transforms for a UD75 sample measured at selected temperatures. The 
data show the opposite temperature dependence between the particle-hole 
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doping, extracted from energy-integrated 5 cuts (22). The error bars in & 
represent the half width at half maximum of the extracted peaks. The 
error bars in energy represent the SE obtained from a least-squares fit to 
a Lorentzian. The green dashed line represents the energy location av- 
eraged from all dopings. 


Energy (meV) 


“59 0.05 0.1 0.15 “2 0.25 0.3 0.35 0.4 


symmetric BdG-QPI and the particle-hole asymmetric CO. (E) Schematic layout 
of the Fermi surface in Bi-2212 UD75 sample. The green segments represent the 
Fermi arc as determined by ARPES above 7, (22, 28). The vertical lines [also 
reproduced horizontally in (A) to (D)] correspond to QPI wave vectors connecting 
the Fermi surface [which is consistent with ARPES (22, 29)] at different regions. 
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F + H.O > HF + OH Potential Energy 
Surfaces from Wells to Barriers 
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The study of gas-phase reaction dynamics has advanced to a point where four-atom reactions 
are the proving ground for detailed comparisons between experiment and theory. Here, a 
combined experimental and theoretical study of the dissociation dynamics of the tetra-atomic 
FH30 system is presented, providing snapshots of the F + HO > HF + OH reaction. 
Photoelectron-photofragment coincidence measurements of the dissociative photodetachment 
(DPD) of the F (H20) anion revealed various dissociation pathways along different electronic 
states. A distinct photoelectron spectrum of stable FH—OH complexes was also measured and 
attributed to long-lived Feshbach resonances. Comparison to full-dimensional quantum 
calculations confirms the sensitivity of the DPD measurements to the subtle dynamics on 

the low-lying FH20 potential energy surfaces over a wide range of nuclear configurations 


and energies. 


periment and theory, our understanding of 

elementary atom-diatom reactions such as 
F + Hp > HF + H at the quantum mechanical 
level is now highly sophisticated (/, 2). As the 
number of atoms N in a chemical reaction in- 
creases, the complexity grows dramatically as 
3N— 6 coordinates are necessary to fully describe 
the system. With six degrees of freedom, four- 


Te to the fruitful interplay between ex- 
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atom reactions have emerged naturally as the 
new proving ground for understanding reaction 
dynamics. Recently, theoretical methods have 
progressed to a level where highly accurate com- 
parisons with experimental results are becom- 
ing possible for four-atom reactions (3), such 
as the benchmark H, + OH — HO + H and its 
isotopologs (4—7). 

One of the key foundations for analyzing a 
chemical reaction is a detailed knowledge of the 
Bor-Oppenheimer potential energy surface (PES), 
which represents the relation between a geomet- 
rical arrangement of the nuclei of a chemical sys- 
tem and its corresponding electronic energy. A 
number of experimental techniques have been 
developed that are sensitive to different aspects of 
the molecular PES. For example, rate coefficients 
depend on the height of reaction barriers and/or 


are sensitive to the long-range forces between 
reactants. Molecular spectroscopy provides struc- 
tural information and allows probing of different 
product internal states. Crossed-molecular beam 
measurements of angle-resolved differential cross 
sections map the reaction dynamics on a quantum 
state-to-state level (8) and are sensitive to dy- 
namical (e.g., Feshbach) resonances in chemical 
reactions (9). In addition, nonadiabatic dynamics 
that involve transitions between multiple electronic 
PESs have also attracted increasing attention 
(/0, 11). Negative ion photoelectron spectroscopy 
has been demonstrated as an effective tool (/2) 
with application to both nonadiabatic effects (/3) 
and resonance phenomena (/4). The combined 
information from these different sources offers a 
stringent test for state-of-the-art theoretical methods, 
advancing our understanding of chemical reactions 
in more complex systems. Substantial progress in 
the field of reaction dynamics has thereby always 
been closely tied to the detailed study of benchmark 
systems like F + H). A natural extension to 
consider as we move to four-atom systems is the 
F + H,0O reaction. 

The F + H,O reaction is a prototypical hydro- 
gen abstraction reaction between a radical and 
water. It represents a fundamental reaction of 
anthropogenic fluorine in Earth’s atmosphere 
(75) and may also play a key role in the formation 
of HF that has recently been discovered in the 
interstellar media (/6). The interaction of the F 
atom with water gives rise to three different PESs, 
two of which correlate with the F(7P3/) ground 
state (Fig. 1). In the adiabatic limit, the lower- 
lying ground (X) state corresponds to HF + 
OH(7T32), whereas the higher-lying excited (A) 
state leads to spin-orbit excited HF + OH(?71,2) 
products (/7). A reaction barrier separates van der 
Waals (vdW) complexes on the entrance and exit 
channel sides of the reaction (8, 19). Recent 
theoretical studies have shown that the prereaction 
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complex, F—HO, may have a strong influence on 
the reactivity of the system (20). 

An early study of the F + H,0 rate coefficient 
found no temperature dependence over a wide 


range, implying a tunneling-mediated reaction 
at low temperatures (2/). Wang and co-workers 
have probed the transition state of the F + H,O 
reaction using anion photoelectron spectroscopy 


REPORTS 


at 6.42-eV photon energy (22), and the fragmen- 
tation process has been analyzed by direct dy- 
namics simulations (23). In an extensive set of 
crossed beam experiments, Nesbitt and co-workers 
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Fig. 1. Potential energy surfaces of the ground (X) and excited (A) states of the FH20 system. In 
the PPC experiment, the F (H20) anion (as indicated schematically) is projected onto the neutral surfaces 
by laser photodetachment. The energy of the ejected photoelectron (eKE) is measured in coincidence with 
the kinetic energy release of the photofragments (KER). A photoelectron spectrum of nondissociative 
events is measured by enforcing coincidence between electrons and stable FH20 products only. The panels 
on the right show wave functions for the F (H>0) anion and Feshbach resonances for FH(v’ = 1)—OH and 
FH(v' = 2)—OH states on the X state, with coordinates described in the SM. The energetic contours on the X 
state surface are spaced by 0.2-eV contours, with the darker contours representing energetically allowed 
regions at the photon energy used. The wave functions in the two Jacobi coordinates are obtained with 


other coordinates fixed at the maximal probability. 
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Fig. 2. Photoelectron-photofragment coincidence spectra for the FH20 
system. (A) Measured and (B) calculated spectra are compared. The solid 
white lines mark the energetic limits for dissociation into HF + OH (upper line) 
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have explored the F + H,0/D;0 reaction in great 
detail (17, 24-26), using optical methods to probe 
the internal state distributions of the nascent di- 
atomic products. Although the collision energies 
in these experiments were too low to overcome 
the adiabatic barrier for the formation of spin- 
excited OH, a branching ratio of "TMap2Tip = 
0.69:0.31 was observed, suggesting the impor- 
tance of nonadiabatic dynamics beyond the Born- 


a C FH(v'=2)--OH 


tise roe Oppenheimer picture in this system (25). 

a © FH(v'=1)--OH 3 Here, we report on a joint experimental and 
3“*(> W/Z theoretical study of the FH2O system. Unlike crossed 
3 456\ 0) })1// 
3*4\0]///4 


beam experiments, where reaction products are 
only probed asymptotically, the photoelectron- 
photofragment coincidence experiment used here 
provides snapshots of the reaction dynamics all 
along the reaction coordinate, from the saddle point 
accessed by photodetachment to the asymptotic 
product channels as determined by translational 
spectroscopy. As shown in Fig. 1, the wave func- 
tion for the F (HO) anion has substantial over- 
lap with configurations ranging from the saddle 
point to the vdW wells on the neutral reaction 
surface. This makes a comparison with state-of- 
the-art quantum dynamics calculations possible 
for a broad range of observables, illustrating the 
great strides being made in understanding the 
PES and dynamics of four-atom systems. 

In the experiment, a pulsed laser at 258 nm 
(4.80 eV) was used to photodetach an electron 
from F (H20) in a fast ion beam, and the photo- 
electron was collected in a velocity map imaging 
spectrometer. The photofragments resulting from 
this process were collected in coincidence on a 
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and F + H20 (lower line) fragments. The dashed lines indicate vibrationally 
excited product states. White arrows in (B) show regions of notable con- 
tributions for specific channels. 
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time- and position-sensitive detector to determine 
the translational energy release from the dissocia- 
tion. The photoelectron-photofragment-coincidence 
(PPC) technique allows the “half reaction” (1.e., the 
fragmentation into either reactants or products) to 
be measured in a kinematically complete fashion 
(27, 28). The PPC spectrum was obtained by 
recording the electron kinetic energy (eKE) and 
photofragment kinetic energy release (KER) for 
each event in a two-dimensional (2D) coinci- 
dence plot (Fig. 2A). The overall energy avail- 
able in the dissociative photodetachment (DPD) 
process can be distributed into either electron ki- 
netic energy or photofragment energy (kinetic and 
internal). The total kinetic energy (hereafter sim- 
ply called “total energy’’) determines the internal 
energy of the products, and therefore their final 
states. All combinations of eKE and KER that 
lead to the same final states give rise to a diagonal 
band structure that emerges from the spectrum. 
The maximum total energy available in the dis- 
sociation is given by the photon energy, the ener- 
gy necessary to photodetach an electron from 
F (H,0), and the energy released in the fragmen- 
tation (29). HF + OH products reach this energetic 
cutoff when all available energy is converted into 
translational energy. This energetic cutoff is marked 
by the outermost diagonal white line in Fig. 2. 

The PPC spectrum in Fig. 2 reveals many 
details of the dissociation dynamics. Although 
the experimental resolution is not sufficient to dis- 
tinguish different rotational levels in the products, 
high rotational excitation can be inferred from the 
width of the observed vibrational bands. At total 
energies of 0.59 and 0.52 eV, formation of 
HF(v' = 0) + OH(v = 1) and HF(v’= 1) + OH(v'= 0) 
products, denoted (0, 1) and (1, 0), respectively, 
becomes possible. These energetic limits are 
marked by the yellow dotted lines in the spec- 
trum that assume single vibrational quanta in the 
OH and HF products. Both product states are 
observed as soon as they become energetically 
possible. Once these product channels open up 
along the eKE coordinate, the (0, 0) products die 
off, indicating that dissociative events starting 
from configurations close to the barrier for the 
reaction (at low eKE) favor production of vibra- 
tionally excited states. This HF vibrational exci- 
tation is a consequence of substantial lengthening 
of the H-F distance in the transition state relative 
to the equilibrium bond length of the free HF 
product. 

The energetics for populating (0, 2), (2, 0), 
and (1, 1) final states are marked by the diagonal 
lines located at 0.18, 0.11, and 0.09 eV total en- 
ergy, respectively. At a total energy of 0.25 eV, 
fragmentation into F + H,O becomes accessible, 
as marked by the lower white line in the image. 
Under the current experimental conditions, the 
F + H,O product channel cannot be separated 
from the formation of HF + OH owing to limited 
product mass resolution. Analyzing the vibra- 
tional state distributions, we find that only 8% of 
all products are observed in the (0, 0) ground 
state. A majority of all events (52%) are found in 


the energetic range between the opening of the 
(0, 1) and the (0, 2) product channels. This result 
is consistent with recent crossed beam experiments 
for the F + HO reaction where a population in- 
version for the HF(v = 1) stretch mode was ob- 
served (26). 

All events in the (0, 0) band are observed in 
two distinct regions of the PPC spectrum. One 
region is centered around high eKE (0.9 eV) and 
low KER (0.05 eV), the other around lower eKE 
(0.6 eV) and higher KER (0.2 eV). Both regions 
are found in a diagonal band structure represent- 
ing the same total energy and therefore lead to the 
same final states. The pattern is mirrored in the 
(1, 0) band with a higher (0.45 eV) and a lower 
(0.15 eV) eKE region. This finding points to two 
different channels for the dissociation process and, 
as discussed below, reflects different electronic 
states that participate in the dissociation. 

To test our ability to predict and understand 
the experimental results, we have modeled the 
dissociation process using full-dimensional quan- 
tum dynamics calculations, based on ab initio PESs 
of the two lowest-lying electronic states of FH2O 
(Fig. 1) (78, 19). Mimicking the experiment, the 
anion wave function in its ro-vibrational ground 
state on an ab initio—based anion PES is vertical- 
ly projected on the neutral PESs and propagated 
with a full-dimensional Hamiltonian (/= 0). Both 
the F + HO and HF + OH asymptotic states are 
resolved after propagation of ~2 ps. The final- 
state distributions at the photon energy are then 
used to construct the 2D PPC spectrum (see sup- 
plementary materials, SM). Overall, the agreement 
between the experimental data and theoretical 
results is very good (Fig. 2B). The topology of 
the spectrum, as well as the relative population of 
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the various fragmentation channels, is well re- 
produced, indicating that the theory captures the 
essence of the dynamics of FH2O dissociation. 
The calculations allow decomposition of the PPC 
spectrum into its final-state resolved components 
(figs. S2 to S4), which sheds further light on the 
features observed in the experiment. Indeed, the 
theoretical results confirm the large preponder- 
ance of (1, 0) products (66% of all products at 
this photon energy), in agreement with the ex- 
perimental results. The outgoing wave function be- 
comes temporarily trapped in a number of Feshbach 
resonance states (Fig. 1). This resonance-mediated 
dissociation is directly correlated with vibration- 
ally excited HF products. In addition, the theo- 
retical results confirm that the A state plays a 
substantial role in the dissociation dynamics of 
FH,0 and is responsible for the weak features, with 
low eKE and high KER in each channel. By 
contrast, the fraction for the F + HO channel is 
found to be small (12%) and exclusively origi- 
nates from the X state. 

Complementary to the dissociative channels, 
long-lived complexes in the FH.O system were 
identified by enforcing coincidence of the out- 
going photoelectron with single particles arriving 
at the neutral detector with the mass of the parent 
anion, yielding a photoelectron spectrum of sta- 
ble neutral complexes (Fig. 3). This kind of in- 
formation cannot be obtained in a photoelectron 
spectroscopy measurement, where the fate of the 
neutral products is not recorded. The existence of 
such a spectrum in the FH;O system is per se 
quite remarkable as any metastable states must 
have a lifetime of 25 us to be detectable in the ex- 
periment. The observed stable spectrum in Fig. 3 
features a double peak structure at 1.0 and 1.15 eV. 
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Fig. 3. Experimental and theoretical stable photoelectron spectra for the FH2O system, show- 
ing the normalized electron probability distribution as a function of eKE. The peaks in both 
spectra at ~1.15 eV are assigned to a direct transition into bound states in the stable FH—OH vdW well. 
The peaks at ~0.5 eV in both spectra are assigned to Feshbach resonance states trapped in the FH(v’ = 1)— 


OH vdW well. QM, quantum mechanical. 


24 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


The peak associated with the highest eKE in the 
spectrum is found beyond the energetic limit 
for fragmentation into OH + HF ground state 
products. These events must result from direct 
photodetachment into the exit channel FH-OH 
vdW complex of the F + HO reaction. A higher- 
lying HF-HO vdW complex in the exit channel 
may be responsible for the lower-energy peak at 
1.0 eV (79). Another feature is observed at 0.45 eV, 
roughly one vibrational quantum in HF (~0.6 eV) 
above the FH-OH vdW complex. Corresponding 
features observed in the dissociative PPC spec- 
trum in Fig. 2 suggest that this signal arises from 
a temporarily trapped vdW complex, FH(v’ = 1)- 
OH, a long-lived Feshbach resonance. 

To understand the nature of the stable spec- 
trum, the energy spectrum of the remaining wave 
packet after 2.5-ps propagation was computed. 
The calculated spectrum is compared in Fig. 3 
with the experiment. The features centered around 
0.55 and 0.15 eV are attributed to long-lived 
Feshbach resonances trapped in the FH(v’ = 1,2)- 
OH vdW wells, with representative wave functions 
illustrated in Fig. 1. Given that the experimental 
spectrum represents states with far longer lifetimes 
(5 us) than is tractable to theoretically compute, 
the agreement is quite reasonable. An intriguing 
finding is the peak at 0.05 eV in the calculated 
stable spectrum. A closer inspection of the co- 
incidence plot in Fig. 2A reveals a corresponding 
horizontal feature at the same eKE, correspond- 
ing to events distributed between KER = 0 to 
0.4 eV. The appearance of this feature in con- 
junction with the peak observed in the stable 
spectrum can be interpreted in terms of a meta- 
stable state that is formed in the DPD process 
[e.g., an FH(v’ = 2)}-OH Feshbach resonance] and 
therefore has a fixed electron spectrum. However, 
as this state decays on its way to the detector, the 
delayed fragmentation process over a nanosecond- 
microsecond time scale leads to an underestimation 


of the KER of the fragments, resulting in a hori- 
zontal band structure. 

The wide range of observables simulta- 
neously captured in the PPC experiment reported 
here provides a critical test for the accurate de- 
scription of both the PESs and reaction dynamics 
over a wide range of translational and internal 
energies. Both lowest-lying electronic states play 
an active role in the dissociation process and must 
be taken into account to understand the nature of 
the FH,O dissociation. Long-lived Feshbach res- 
onances have been found in this four-atom sys- 
tem, experimentally and theoretically. Although 
very good overall agreement has been achieved 
between experiment and theory, challenges re- 
main. The discrepancies found in the contribution 
of the A state, as well as the energetic positions 
and nature of the Feshbach resonance states, demand 
further studies of this new benchmark reaction. 
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Strong Ground Motion Prediction 
Using Virtual Earthquakes 


M. A. Denolle,”’? E. M. Dunham,*? G. A. Prieto,* G. C. Beroza* 


Sedimentary basins increase the damaging effects of earthquakes by trapping and amplifying 
seismic waves. Simulations of seismic wave propagation in sedimentary basins capture 

this effect; however, there exists no method to validate these results for earthquakes that 
have not yet occurred. We present a new approach for ground motion prediction that 

uses the ambient seismic field. We apply our method to a suite of magnitude 7 scenario 
earthquakes on the southern San Andreas fault and compare our ground motion predictions 
with simulations. Both methods find strong amplification and coupling of source and structure 
effects, but they predict substantially different shaking patterns across the Los Angeles Basin. 
The virtual earthquake approach provides a new approach for predicting long-period strong 


ground motion. 


edimentary basins amplify and extend the 
duration of strong shaking from earthquakes 
(1). State-of-the-art simulations of wave 


propagation for scenario earthquakes through 
crustal structures that include sedimentary basins 
explore these effects (2-7). Evidence that strong 


basin amplification in Los Angeles for earth- 
quakes that would occur on the southern San 
Andreas fault emerged from such ground mo- 
tion simulations (3, 7), but because of the absence 
of recent earthquakes large enough to excite 
long-period seismic waves, they have not been 
validated with observations. Our study was mo- 
tivated by the need to validate these simulations, 
which, if correct, would greatly increase seismic 
hazard. 

To validate ground motion simulations with- 
out recordings of large earthquakes, we developed 
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Fig. 1. Temporary SAVELA and permanent Southern California Seismic 
Network (SCSN) stations. Shaded area shows the approximate shape of 
major sedimentary basins. Open triangles are SCSN seismic stations that we 
treat as receivers. Filled triangles are seismic stations with temporary deploy- 


A parallel 
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Fig. 2. Seismic amplification in sedimentary basin and waveguide effect. 
Velocity seismograms (black waveforms) and PGV (color scale) for two M 7.15 
scenario earthquake ruptures determined using the VEA. Simulations are divided 
into northwestward-propagating ruptures (A and C) and southeastward- 
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(adapted from Komatitcsh et al. (2004)) 


ST: Salton Trough 


(adapted from Lovely et al. (2006)) 


Fault Zone 


32° 


ments (blue) and permanent SCSN (black) stations near the San Andreas fault 
that we treat as virtual sources. San Andreas fault zone (solid blue lines) and 
quaternary faults location from http://earthquakes.usgs.gow/hazards/qfaults. SAVELA 
stations are located within 3 km of the fault trace (bottom left inset). 


B parallel 


D perpendicular 


propagating ruptures (B and D) for the horizontal fault-parallel (A and B) and 
fault-perpendicular (C and D) components of motion. Seismic amplification 
appears at all cases but is stronger for northwestward rupture that produces up 
to two times more shaking than the southeastward rupture. 
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a Virtual Earthquake Approach (VEA) that 
models long-period strong ground motion using 
Green’s functions derived from the ambient seis- 
mic field (fig. S1). The ambient seismic field is 
excited by the coupling of the oceans and at- 
mosphere with the solid Earth and carries the 
signature of the structure between two seismic 
stations. It is possible to extract the Earth’s re- 
sponse to an impulsive force (i.e., the Green’s 
function) through correlation of the ambient seis- 
mic field (8—/5). This capability has enabled 
the imaging of the Earth’s wave speed structure 
through travel-time measurements (/6, /7). The 
ambient seismic field also contains amplitude 
information, which has been used to measure 
anelastic effects (18, 19) and which we exploit 
to predict earthquake ground motion intensity. 

Ambient seismic field Green’s functions re- 
produce waveform shapes and relative amplitudes 
of earthquakes for nearby stations (20). Once 
the Green’s functions are corrected from a sur- 
face point-force source to a double-couple source 
at depth, the agreement between real-earthquake 
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1.8} sE/ NW 


-120° 


119-118" 


Fig. 3. Coupling of source-directivity and basin structure. PGV averaged 
over all northwestward-NW (A to C) and southeastward-NE (D to F) propagating 
ruptures for perpendicular-to-strike (A and D), parallel-to-strike (B and E), and 
vertical (C and F) components of motion. Los Angeles sedimentary basin 


and virtual-earthquake waveforms systematical- 
ly improves (2/). Here, we extended this method 
from point sources, appropriate for moderate 
magnitude (MM ~5) earthquakes, to finite rup- 
tures of larger magnitude using the representa- 
tion theorem (22). 

We applied this technique to predict ground 
motion in greater Los Angeles for scenario earth- 
quakes on the San Andreas fault. To support this 
effort, we deployed a temporary array of broad- 
band seismometers along the fault to determine 
the Green’s functions for virtual sources along 
that segment (Fig. 1). We refer to our experiment 
as SAVELA (San Andreas Virtual Earthquake— 
Los Angeles). We corrected the ambient-field 
Green’s functions for source location, depth, 
and mechanism using our understanding of the 
surface-wave excitation local to the virtual source 
(23-25). We then calculated seismograms using 
the VEA for a suite of M ~7 scenario earthquakes 
along the fault and compared the results with 
simulations of wave propagation through three- 
dimensional models of the Earth’s crust (6). We 
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explain the details of the method in the supple- 
mentary materials. 

The source of the ambient seismic field is 
not uniformly distributed with azimuth (26), and 
different components of motion (Sy and P-S,) 
are not equally excited. Both of these factors 
affect the recovered amplitude. We corrected our 
Green’s functions to compensate for a first-order 
azimuthal pattern as follows. For each source com- 
ponent (vertical, radial, and transverse), we find 
sinusoidal functions that best match the observed 
variation with azimuth of the Green’s function am- 
plitudes (fig. S2). For each component, we estimated 
the calibration factor required for the ambient-field 
data to predict observed amplitudes for two local 
moderate events—the 2008 5.4 Chino Hills and 
2008 M 5.1 Hector Road earthquakes. 

We considered an ensemble of 96 magnitude 
7.15 simulated ruptures developed for this seg- 
ment of the fault. This represents a small subset 
of pseudodynamic (27) models developed for the 
CyberShake project (6). The kinematic source 
model describes fault rupture as a collection of 


PGV Vertical 
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experiences seismic amplification in all cases, and the effect is stronger for the 
parallel components. (G to I) Ratio of averaged peak amplitudes of NW-over-SE 
propagating ruptures. (G to 1) Warm colors show how many times the NW 
ruptures enhance the shaking as compared to the SE ruptures. 
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point sources that represents square fault patches 
of 1-km* area. We use the VEA correction to 
account for depth, mechanism, and timing of 
each. We convolve the waveform with the source 
time function of individual sources and sum the 
contributions from all point sources to form the 
entire source. We compare long-period ground 
motion predictions that result from our VEA with 
the CyberShake simulations. 

Our ground motion predictions show strong 
seismic amplification in the Los Angeles sedi- 
mentary basin compared to surrounding areas 
(Fig. 2). We compare the effect of unilateral rup- 
ture for a given slip distribution, by assuming 
hypocenters located at the southern and northern 
ends of the segment. In both cases, we find seis- 
mic amplification in downtown Los Angeles with 
peak amplitudes up to three times larger than in 
surrounding areas. The pattern of peak ground 
motion and the persistence of the amplification in 
both predictions reflect the presence of a wave- 
guide that funnels seismic waves from west of 
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San Gorgonio Pass to downtown Los Angeles. 
The amplification is more pronounced for the 
rupture propagating toward the basin, and in 
this example, the ratio of predicted peak ve- 
locities is approximately three. This contrast is 
less than predicted by the TeraShake simulations 
(3) and may result from the fact that the 7.7 
TeraShake source model ruptured a much greater 
fault length. 

Ensembles of slip distributions that have hy- 
pocenters located at either end of the fault seg- 
ment show a similar source-directivity effect on 
ground motion (Fig. 3). Amplification in sedimen- 
tary basins appears clearly in all cases. Our results 
again show peak amplitudes in Los Angeles that 
are, on average, three times those of the surround- 
ings (Fig. 3). The long-period peak ground veloc- 
ity (PGV) averaged over all scenarios, experienced 
in downtown Los Angeles, is as high as 50 cm/s 
for the vertical and 36 cm/s for the horizontal 
components. This differs substantially from the 
strong ground motion amplitudes at higher fre- 
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Fig. 4. Cross-validation of simulations (CyberShake) and the VEA (SAVELA). 
Histograms of PGV (y axis, number of scenario earthquakes) for all 36 tested 
scenarios for CyberShake (orange) and SAVELA (blue) for particular sites in Los 


quencies and closer distances where horizontal 
amplitudes are typically larger than vertical am- 
plitudes (28). 

We construct Green’s functions for a laterally 
homogeneous medium (25) and find a systematic 
variation of the amplitudes that approximates a 
dipole (supplementary text and fig. S3). We con- 
trast this with the behavior for virtual-earthquake 
seismograms, from which we see strong variations 
of amplitude ratios for all three components of 
motion (Fig. 3). The strength of the directivity- 
structure coupling is not only larger than for the 
laterally homogeneous case but is more exten- 
sive and spatially variable. The coupling between 
source directivity and basin structure (6) appears 
in the enhanced amplification in both the Ventura 
and Los Angeles basins. Northern Los Angeles 
and the San Gabriel foothills experience strong 
coupling on the strike-perpendicular component, 
whereas the coupling of the parallel component is 
stronger in South Los Angeles, Palos Verdes, and 
Chino Hills. Coupling of the vertical component 
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Angeles Basin. SAVELA predicts equal shaking for RUS, RVR, and HLL and 
predicts larger shaking in particular for sites in the basin (LAF, DLA, CHN, CLT, 
and STG). The variability of the ground motion increases with intensity of shaking. 
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correlates with the deepest part of the sedimen- 
tary basin. 

The predicted ground motion is qualitatively 
similar for the VEA and CyberShake simulations 
(figs. S4 and S5); however, there are substantial 
quantitative differences in the level and distribu- 
tion of the shaking (Fig. 4). SAVELA results 
show stronger shaking than CyberShake at most 
sites. This is especially true for receivers in the 
basin. We note that both methods are subject to 
substantial uncertainties. The accuracy of the 
CyberShake simulations depends strongly on the 
accuracy of the assumed crustal velocity model 
and its derived Green’s functions. The accuracy 
of the virtual earthquake results depends strongly 
both on the accuracy of the ambient-field Green’s 
functions and on the accuracy of the amplitude 
calibration. The Green’s functions we used for 
this study (fig. S1) would be more accurate if we 
had data from a longer deployment. To estimate 
the variability in PGV due to the amplitude cal- 
ibration described above, we measure the max- 
imum difference in predicted PGV when using 
the calibration from either the Hector Road or 
Chino Hills earthquake to the mean of the cali- 
bration used in this study. The variability that re- 
sults is bounded at 10 cm/s for our simulations. 
For both the virtual earthquake and CyberShake 
simulations, the variation of the PGV is narrow 
for stations with low PGV values (bedrock sites) 
and wide for stations with high PGV values (basin 
sites). The coefficient of variation is approximate- 
ly constant for SAVELA (fig. S7), which indicates 
that variability increases proportionally with ground 
motion amplitude. 

Nonlinear effects in shallow materials are im- 
portant in strong ground motion. Ground motion 
simulations that have incorporated nonlinear soil 
effects (29) have found a large decrease in the 
predicted strong ground motion. This could be an 
important effect for the scenarios we consider 
because unconsolidated sediments are likely to be 
found in sedimentary basins and would be ex- 
pected to behave nonlinearly during strong shaking. 
We calibrated the amplitudes of the Green’s func- 
tions, such that the peak amplitudes predicted 
by our approach matched those of moderate- 
sized earthquakes. Our approach, as well as the 
CyberShake simulations, is based on an assump- 
tion of linearity. To the extent that nonlinear ef- 
fects are important, our predicted ground motion 
amplitudes are likely to overestimate true ampli- 
tudes in future large earthquakes. 

We confirm the presence and the influence of 
a waveguide to the west of San Gorgonio Pass 
that funnels seismic waves from San Andreas 
fault events into the Los Angeles Basin. This 
amplification is present for all tested scenarios. 
We also confirm that directivity couples with 
shallow crustal structure to increase basin am- 
plification (6). We find a constant coefficient of 
variation, which means that shaking variability 
is proportional to shaking intensity. We also find 
a wider range of predicted peak amplitudes than 
is found in simulations, which would increase 


uncertainty in ground motion predictions and 
thereby impact seismic hazard assessments. We 
note, however, that there are substantial uncer- 
tainties in our estimated Green’s functions and 
their amplitude calibration. Moreover, station cov- 
erage in the basin is sparse, and we have only 
sampled a small portion of the variability expected 
for a complex wavefield in the basin. Our results 
support more ambitious, targeted experiments 
to improve the accuracy of long-period strong 
ground motion prediction for future earthquakes 
in regions subject to high seismic risk. 
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Increased Dust Deposition in the 
Pacific Southern Ocean During 


Glacial Periods 


F. Lamy,”2* R. Gersonde,”’? G. Winckler,?4 O. Esper,’ A. Jaeschke,”’? G. Kuhn, J. Ullermann,? 


A. Martinez-Garcia,® F. Lambert,® R. Kilian’ 


Dust deposition in the Southern Ocean constitutes a critical modulator of past global climate 
variability, but how it has varied temporally and geographically is underdetermined. Here, we 
present data sets of glacial-interglacial dust-supply cycles from the largest Southern Ocean sector, 
the polar South Pacific, indicating three times higher dust deposition during glacial periods 

than during interglacials for the past million years. Although the most likely dust source for the 
South Pacific is Australia and New Zealand, the glacial-interglacial pattern and timing of lithogenic 
sediment deposition is similar to dust records from Antarctica and the South Atlantic dominated 
by Patagonian sources. These similarities imply large-scale common climate forcings, such as 
latitudinal shifts of the southern westerlies and regionally enhanced glaciogenic dust mobilization 


in New Zealand and Patagonia. 


ineral aerosols (dust) play a crucial role 
Mi: determining the pattern and mag- 


nitude of climate variability. Dust im- 


purities trapped in Antarctic ice point to ~25 times 
higher glacial dust fluxes compared with inter- 
glacials (/). It has been suggested that an increase 
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in the atmospheric supply of iron (Fe) by dust 
during glacial periods may have stimulated ma- 
rine productivity in the Southern Ocean (SO), 
contributing to the reduction of atmospheric CO, 
concentrations observed during ice ages (2). 
Dust-induced Fe fertilization represents one key 
mechanism that potentially affects past ocean- 
atmosphere CO, exchange (3—5), although the 
magnitude with respect to other SO processes 
such as sea-ice extent, overturning strength, and 
water column stratification is still under debate 
(5, 6). Antarctic ice cores allow only an indirect 
qualitative inference of dust deposition over the 
ocean and cannot be used to quantitatively es- 
timate dust deposition in the different SO sec- 
tors. Marine sediments, however, provide a direct 
estimate of SO dust deposition and marine ex- 
port production. To date, marine studies are pri- 
marily confined to the Atlantic SO sector located 
downstream of Patagonia, a strong dust source 
during glacial periods. In that region, substan- 
tially enhanced glacial dust fluxes and sub- 
antarctic productivity have been interpreted to 
control, at most, one-third to one-half of the ob- 
served glacial-interglacial atmospheric CO, dif- 
ference (4, 7), consistent with similar results 
based on the phasing of dust and CO, fluc- 
tuations in the Epica Dome C (EDC) ice core 
(8). However, this finding is based on the as- 
sumption that dust deposition and Fe fertiliza- 
tion take place equally in the entire Subantarctic 
Zone. Biogeochemical models with geograph- 
ically variable dust fields for the SO suggest a 
somewhat lower CO, reduction (9). 

Glacial dust recorded in ice cores from the 
East Antarctic Plateau originates almost exclu- 
sively from South America, including Patagonia 
(10). Model simulations (//) have supported 
this view and have suggested that dust deposi- 
tion in the SO occurs mainly in the Atlantic and 
western Indian SO sectors. However, a recent 
simulation indicates that stronger glacial Aus- 
tralian dust sources resulted in a distinct gla- 
cial dust deposition field covering most of the 
Pacific SO sector but only reaching marginal 
areas of the Antarctic continent (/2) (fig. S1). 
To date, sediment data on modern and glacial 
dust deposition in the Pacific SO are restricted 
to proximal sites around Australia, especially 
in the Tasman Sea (/3) and subordinately east 
of New Zealand (/4). These records show a sub- 
stantial increase in the deposition of terrigenous 
material during the Last Glacial Maximum (LGM) 
compared with the present Holocene, but proximal 
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marine dust records are not necessarily repre- 
sentative of the pelagic Pacific SO. From the 
open Pacific Ocean, a number of short sediment 
records reveal enhanced lithogenic fluxes dur- 
ing the LGM (15, 16). However, the contribu- 
tion of dust remains inconclusive, because most 
of the coring sites are located in waters poten- 
tially affected by the deposition of ice-rafted 
detritus (IRD) (/7). 

Here, we report dust flux reconstructions 
over the past million years based on a suite of 
sediment cores across the western and central 
Pacific SO, recently collected during the Ger- 
man research vessel (R/V) Polarstern expedi- 
tion ANT-XXVI/2 (/8) (Fig. 1 and fig. S2). On 
the basis of benthic oxygen isotope stratigra- 
phy and biostratigraphic age control points (19) 
(fig. $3), Fe-content changes in our sediment 
records reveal clear similarities to dust content 
variations documented in Antarctic ice cores 
and Atlantic SO sediments (fig. S4). We there- 
fore aligned our high-resolution Fe content 
records to the EDC dust content record (7) back to 
~800 thousand years before the present (ky B.P.) 
and to the Fe content record of Ocean Drilling 
Program (ODP) Site 1090 (7) for the interval ex- 
tending beyond the reach of Antarctic ice cores 
(19). The similar pattern in the Fe and dust 
contents on glacial-interglacial time scales over 
the past million years in our Pacific SO sedi- 
ment records (Fig. 2) extends from the Perma- 
nently Open Ocean and Polar Frontal Zone in 
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the southern southwest Pacific Basin eastwards 
to the central Subantarctic Pacific (fig. S2). This 
geographic pattern largely follows the modeled 
modern Australian dust plume beneath the max- 
imum westerly winds (20, 2/) (Fig. 1) and also 
simulations of the LGM deposition pattern 
(12) (fig. S1) and is consistent with a primar- 
ily eolian origin of Fe supply to the Pacific 
SO. Though we cannot exclude minor input of 
IRD, the strong similarity between Fe content 
changes and the supply of terrestrial n-alkanes 
in two cores (fig. S5) strongly supports the pre- 
dominant eolian origin. Moreover, IRD would 
not be distributed homogenously over large dis- 
tances and thus would not create the consistent 
variations, as shown by our sediment records 
across the western and central Pacific SO (Fig. 2). 

We selected two sediment cores from the suite 
of ANT-XXVI/2 cores to quantify mass accumu- 
lation rates of the lithogenic fraction (MAR, itho) 
and paleoproductivity estimates [biogenic barium 
(Ba.x-) and opal (/9)]. Core PS75/76-2 covers the 
past ~1000 ky and was recovered close to the 
Subantarctic Front in the southwest Pacific. Core 
PS75/59-2 reaches back to ~480 ky B.P. and is 
located in the Subantarctic Zone of the central 
South Pacific (Fig. 1 and fig. S2). MAR; itho Were 
obtained by calibrating the high-resolution Fe con- 
tent records with lithogenic contents calculated 
from the concentration of **°Th. As with the Fe 
content records, the shape and glacial-interglacial 
pattern of the Pacific SO MAR, itno records reveal 


Fig. 1. Map showing the modern relative contributions of the three major dust sources in the 
Southern Hemisphere (blue, Australia; red, South America; green, South Africa), based on model 
data (20). Red dots mark primary core locations; yellow dots indicate additional cores; gray dots 
denote location of published reference records (1, 4, 7). 
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strong similarities to the EDC ice core dust MAR 
and Atlantic SO MAR, j;, records from ODP Site 
1090 (Fig. 3). Glacial MAR, itno are substantially 
higher and exceed interglacial values by a factor 
of ~3 to 15 (fig. S6). 

However, fluxes of both biogenic and lithogenic 
material in the SO may be substantially af- 
fected by sediment focusing below the vigorous 
Antarctic Circumpolar Current (22). To correct 
vertical fluxes for the potential influence of lat- 
eral sediment redistribution (focusing), we ap- 
plied the *°°Th normalization method [limited 
to the past ~300 ky B.P. (/9)]. Glacial *°°Thyoum 
MAR, itho tend to be considerably lower than 


0 100 200 300 400 500 


~ie 24] [6] [a] [to] fa] fa [16] |8} [20] aa2q 
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the non-normalized values (Fig. 3, B and C). 
For each site, the 7°°Th-normalized MAR jtho 
show internally consistent variability across the 
past three glacial-interglacial cycles, indicating 
a ~threefold increase in lithogenic fluxes during 
glacials (Fig. 3E and fig. S6), comparable to 
glacial increases at low latitudes (23). The 
absolute *°°Thyomm MARtitho Values decrease 
from west (156°W) to east (125°W) (table S1). 
The downwind decrease of 7?°Thyonm MAR ithos 
recorded in our cores, is consistent with a pri- 
marily eolian source of the lithogenic material, 
originating from Australia, as also shown in dust 
simulations (/2, 20). However, our interglacial 


600 700 800 900 1000 


ate 
~ 0.8 
3 EDC 
O 0.4 (Antarctica) 
0.0 1.2 > 
10 € 
08 2 
PS75/93-1 0.6 _ 
pans (Pacific SO 170°W) 042 
210 02S 
5 0.8 0.0 & 
(eo) 
© 0.6 PS75/83-1 
oo 0.4 (Pacific SO 159°W) 
~ 0.2 3 
LL — 
0.0 : S 
PS75/79-2 S 
(Pacific SO 157°W) 1 © 
LL 
—~ 3 0 
3s PS75/76-2 
% 2 (Pacific SO 156°W) 
= 
24 
2:0) ox 
o PS75/74-3 ie 2 
(Pacific SO 152°W) ~ 3 
1.0 ae 
a 05 = 
2 0.0 2 
= 
4 PS75/59-2 
(Pacific SO 125°W) ‘ 
0 
28 
PS75/56-1 s 
(Pacific SO 115°W) 1o 
— LL 
se 2 ODP 1090 4 
~ (Atlantic SO) 
= 
o 1 
LL 
0 
0 100 200 300 400 500 600 700 800 900 1000 
Age (kyr) 


Fig. 2. Iron content fluctuations across the Pacific and Atlantic SO (7) compared to dust content 


changes in the EDC ice core (1). 
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20TH orm MAR, itho are somewhat higher than 
lithogenic particle fluxes from sediment traps 
and water samples in the southwest Pacific SO 
(24, 25) and model-based estimates for our core 
sites (12, 20). In contrast, higher Holocene Aus- 
tralian dust fluxes have been derived from New 
Zealand peat bogs (26) (table S1). 

Our a ier MAR, itho and norm n-alkane 
MAR records (Fig. 3, E and F) document a 
~threefold increase of dust supply to the Pa- 
cific SO during glacials (Fig. 3E and fig. S6), 
consistent with two previous 230TH om MAR, itho 
records from the central Subantarctic Pacific 
SO (/6) (Fig. 3E) and a compilation of other 
Pacific dust deposition records (27). Taken to- 
gether, these sediment data suggest a consid- 
erable enhancement of glacial dust input to the 
Pacific SO. Though absolute Pacific glacial dust 
fluxes are ~50% lower than in the Atlantic SO, 
the relative glacial-interglacial increase is almost 
as large. Considering the large geographic ex- 
tension of the Pacific SO, this threefold increase 
in Pacific SO dust fluxes requires a substantial 
enhancement of the Australian dust source, con- 
siderable changes in atmospheric circulation, 
or an additional dust source not active during 
interglacials. 

Modeling of the contribution of the differ- 
ent Southern Hemisphere dust sources to mod- 
ern dust deposition in the SO shows that more 
than 80% of modern dust deposition in the 
western and central Pacific SO originates from 
Australia (12, 20) (Fig. 1). The large-scale dis- 
tribution of Southern Hemisphere dust is pri- 
marily achieved through transport within the 
westerly wind belt. The uptake of dust and trans- 
port and distribution through the westerly wind 
belt into the SO primarily occurs in austral win- 
ter and spring (2/), when the westerlies extend 
further north. In contrast to dust originating 
from Patagonia, Australian dust plumes are tran- 
sported in the free troposphere and can thus be 
distributed over very large distances (20). Al- 
though there is presently no consensus about 
glacial changes of the westerlies in climate mod- 
els (28), most paleodata-based reconstructions 
imply a strengthening and/or equatorward shift 
of the wind belt (27). Together with more ex- 
panded arid dust source areas in Australia (29) 
and increases in gustiness in the source regions 
(30), a northward extent and/or enhancement 
of the westerlies over southeast Australia dur- 
ing glacials would plausibly increase the dust 
uptake and export into the Pacific SO. Further, 
it is conceivable that New Zealand acted as an 
additional dust source. The westerlies, enhanced 
by strong katabatic winds in the lee of the gla- 
ciated New Zealand Alps (3/), could have trans- 
ported glacial outwash material out into the 
Pacific SO, a similar mechanism to that pro- 
posed for Patagonian dust sources (32). Distin- 
guishing between an enhanced Australian dust 
source and the emergence of New Zealand as a 
glaciogenic dust source will require additional 
geochemical information about the provenance 
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of the dust exported to the SO Pacific during 
glacial times. 

The *°Th normalization method documents 
substantial sediment focusing at our two sites 
(fig. S7). Despite this effect of lateral sediment 
redistribution, the glacial-interglacial pattern and 
shape of dust fluctuations in the EDC ice core 
record are preserved in great detail [both in the 
MAR and Fe-content records (Figs. 2 and 3)]. 
This finding suggests that the climate-controlled 
variations in the availability of eolian material are 
the dominant factor in controlling the shape and 
pattern of glacial-interglacial lithogenic sediment 
accumulation, even at sites where focusing is sub- 
stantial. A prominent feature of our PS75/76-2 
MAR, itho beyond the range of 30TH on is a de- 
crease in glacial MAR, itno before marine isotope 
stage (MIS) 12 (~480 ky B.P.) (Fig. 3B and fig. 
S6). A very similar decrease is likewise seen in 
the Fe content record from core PS75/74-3, ex- 
cluding a local origin of this feature (Fig. 2). This 
change coincides with a less pronounced Mid- 
Brunhes shift in glacial-interglacial amplitudes in 
the EDC and ODP Site 1090 records (Fig. 3, A 
and D, and fig. S6). Assuming that the shift in our 
MAR, itho 1S not entirely controlled by a system- 
atic change in sediment focusing through bottom 
currents during the Mid-Brunhes interval, our 
data document reduced glacial dust input for the 
pre—MIS 11 interval. One explanation could be 
a different sensitivity of the Australian dust sources 
to glacial severity. In contrast to Patagonia, which 
lies at higher latitudes, Australian dust sources 
may require colder global temperature to achieve 
a similar increase to their Patagonian counter- 
parts. Pre-MIS12 glacials were generally shorter 
than younger ones (/). Therefore, the time of high 
dust productivity may have been much shorter for 
Australian and New Zealand dust sources com- 
pared to Patagonian sources, explaining the more 
substantial decrease in pre—MIS 12 glacial Pacific 
dust fluxes. 

Taken together, our sediment records document 
a substantial glacial dust supply from Australian 
and/or New Zealand sources to the Pacific SO 
sector eastward to at least 125°W. The ~threefold 
increase in glacial dust accumulation in the Pa- 
cific SO confirms the enhanced LGM-Holocene 
dust flux ratios from simulations (/2) (fig. S1). 
Our Pacific SO data revise the current picture of 
Patagonia representing the almost exclusive 
source region for glacial dust deposited in the 
glacial SO. The previously unmeasured dust in- 
put to the largest SO sector during several glacial 
periods may have substantial implications for 
biological productivity on a global scale. Prelim- 
inary paleoproductivity estimates based on Bax. 
and biogenic opal records from our subantarctic 
core PS75/59-2 suggest ~two to three times higher 
glacial values; that is, the same order of magni- 
tude as the dust increase (Fig. 4). This finding is 
consistent with other available sediment records 
from the Pacific SO (/5, /6) that reveal generally 
higher opal MAR north of the modern Antarctic 
Polar Front during glacials. However, these data 
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Fig. 3. Changes in lithogenic mass accumulation rates (MAR, ;,,.)- (A) Dust MAR in the EDC ice 
core (1). (B) MARtitho core PS75/76-2, (C) MAR, itho core PS75/59-2. (D) MARiitho ODP Site 1090 (4, 7) 
[recalculated (29)]. Open diamonds in (A) to (C) show 77°Th-normalized MAR, itho, (E) 72° Th-normalized 
MARiitho Values from cores PS75/59-2, PS75/76-2, E11-2, and E33-2 (16). (F) 72° Th-normalized C9 and C31 
n-alkane MAR from core PS75/59-2. (G) 72°Th -normalized MAR ith core PS2489-2 (4, 7). Vertical bars 


in (E) denote 16 error. 


also indicate that this increase is compensated by 
decreasing productivity southward, a pattern that 
has been suggested to extend across multiple 
glacial-interglacial cycles in the Atlantic SO (33). 


Furthermore, opal MAR do not necessarily re- 
flect productivity of the surface ocean and en- 
hanced organic carbon export, particularly in the 
seasonal ice zone (3). 
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Fig. 4. Proxy records for paleoproductivity from subantarctic core PS75/59-2. Together with their 
contents, the 7>°Th-normalized MAR records of Ba,,,, biogenic opal, and lithogenics are shown. Scatter 
diagrams (insets) show positive correlation between lithogenics, Bae,<, and biogenic opal, suggesting 
that the paleoproductivity and lithogenic supply records largely covary. r2, correlation coefficient; 
n, number of samples. 


7. A. Martinez-Garcia et al., Nature 476, 312-315 (2011). 

8. F. Lambert, M. Bigler, J. P. Steffensen, M. Hutterli, 
H. Fischer, Clim Past 8, 609-623 (2012). 

9. L. Bopp, K. E. Kohfeld, C. Le Quere, O. Aumont, 
Paleoceanography 18, PA1046 (2003). 

10. D. M. Gaiero, Geophys. Res. Lett. 34, 117707 
(2007). 

11. N. M. Mahowald et al., J. Geophys. Res. Atmos. 111, 
D10202 (2006). 

12. S. Albani, N. M. Mahowald, B. Delmonte, V. Maggi, 
G. Winckler, Clim. Dyn. 38, 1731-1755 (2012). 


References and Notes 
1. F. Lambert et al., Nature 452, 616-619 (2008). 
2. J. H. Martin, Paleoceanography 5, 1-13 (1990). 
3. A. Abelmann, R. Gersonde, G. Cortese, G. Kuhn, 
V. Smetacek, Paleoceanography 21, PA1013 (2006). 
4. A. Martinez-Garcia et al., Paleoceanography 24, PA1207 
(2009). 
5. D. M. Sigman, M. P. Hain, G. H. Haug, Nature 466, 
47-55 (2010). 
6. H. Fischer et al., Quat. Sci. Rev. 29, 193-205 
(2010). 


13. P. P. Hesse, G. H. McTainsh, Quat. Res. 52, 343-349 
(1999). 

14. J. Thiede, Geology 7, 259-262 (1979). 

15. L. |. Bradtmiller, R. F. Anderson, M. Q. Fleisher, 

L. H. Burckle, Paleoceanography 24, PA2214 
(2009). 

16. Z. Chase, R. F. Anderson, M. Q. Fleisher, 

P. W. Kubik, Deep-Sea Res. Part II 50, 799-832 
(2003). 

17. J. Tournadre, F. Girard-Ardhuin, B. Legresy, J. Geophys 
Res. Oceans 117, C05004 (2012). 

18. R. Gersonde, The Expedition of the Research Vessel 
“Polarstern” to the Polar South Pacific in 2009/2010 
(ANT-XXVI/2 - BIPOMAC) (Alfred Wegener Institute 
for Polar and Marine Research, Bremerhaven, 
Germany, 2011). 

19. Materials and methods are available as supplementary 
materials on Science Online. 

20. F. Li, P. Ginoux, V. Ramaswamy, J. Geophys. Res. Atmos. 
113, D10207 (2008). 

21. H. McGowan, A. Clark, Atmos. Environ. 42, 6915-6925 
(2008). 

22. T. L. Noble et al., Earth Planet. Sci. Lett. 317-318, 
374-385 (2012). 

23. G. Winckler, R. F. Anderson, M. Q. Fleisher, 

D. McGee, N. Mahowald, Science 320, 93-96 
(2008). 

24. C. |. Measures, S. Vink, Global Biogeochem. Cycles 14, 
317-327 (2000). 

25. F. L. Sayles, W. R. Martin, Z. Chase, R. F. Anderson, 
Deep-Sea Res. Part Il 48, 4323-4383 (2001). 

26. S. K. Marx, B. S. Kamber, H. A. McGowan, 

J. Denholm, Geochim. Cosmochim. Acta 73, A843 


(2009). 

27. K. E. Kohfeld et al., Quat. Sci. Rev. 68, 76-95 
(2013). 

28. L. C. Sime et al., Quat. Sci. Rev. 64, 104-120 
(2013). 


29. P. P. Hesse, G. H. McTainsh, Quat. Sci. Rev. 22, 
2007-2035 (2003). 

30. D. McGee, W. S. Broecker, G. Winckler, Quat. Sci. Rev. 
29, 2340-2350 (2010). 

31. B. V. Alloway et al., J. Quaternary Sci. 22, 9-35 
(2007). 

32. D. E. Sugden, R. D. McCulloch, A. J. M. Bory, A. S. Hein, 
Nat. Geosci. 2, 281-285 (2009). 

33. S. L. Jaccard et al., Science 339, 1419-1423 
(2013). 


Acknowledgments: We thank the captain, crew, and scientific 
party of R/V Polarstern for their support during cruise 
ANT-XXVI-2. J. Collins, R. Tiedemann, H. W. Arz, and 
three anonymous reviewers provided comments and 
suggestions that substantially improved the paper. We 
acknowledge data contributions by P. Kohler and 

S. Steph and thank S. Albani and N. Mahowald for 
making their model output available. U. Bock, J. Hefter, 
R. Frohlking, and S. Wiebe provided technical support 
at AWI. G.W. thanks R. Schwarz and M. Q. Fleisher 

for excellent laboratory support at Lamont-Doherty Earth 
Observatory. We acknowledge financial support for 

this work through the AWI Helmholtz-Zentrum fiir 

Polar- und Meeresforschung, the MARUM-Center for 
Marine Environmental Sciences, the University of 
Bremen, and the European Union project Past4future. 

F. Lambert acknowledges support by Project 
CONICYT/FONDAP/15110009. Data are available 

at www.pangaea.de. 


Supplementary Materials 
www.sciencemag.org/content/343/6169/403/suppVDC1 
Materials and Methods 

Figs. $1 to $10 

Table $1 

References (34-58) 


2 September 2013; accepted 19 December 2013 
10.1126/science.1245424 


www.sciencemag.org SCIENCE VOL 343 24 JANUARY 2014 


REPORTS 


407 


REPORTS 


A Peptide Hormone and Its Receptor 
Protein Kinase Regulate Plant 


408 


Cell Expansion 


Miyoshi Haruta,*” Grzegorz Sabat,” Kelly Stecker,”? Benjamin B. Minkoff,? Michael R. Sussman?2* 


Plant cells are immobile; thus, plant growth and development depend on cell expansion rather 
than cell migration. The molecular mechanism by which the plasma membrane initiates changes in 
the cell expansion rate remains elusive. We found that a secreted peptide, RALF (rapid alkalinization 
factor), suppresses cell elongation of the primary root by activating the cell surface receptor 
FERONIA in Arabidopsis thaliana. A direct peptide-receptor interaction is supported by specific 
binding of RALF to FERONIA and reduced binding and insensitivity to RALF-induced growth inhibition 
in feronia mutants. Phosphoproteome measurements demonstrate that the RALF-FERONIA interaction 


causes phosphorylation of plasma membrane H*—adenosine triphosphatase 2 at Ser 


599 mediating 


the inhibition of proton transport. The results reveal a molecular mechanism for RALF-induced 
extracellular alkalinization and a signaling pathway that regulates cell expansion. 


ell expansion is a fundamental cellular 
( process driving plant growth, and regu- 

lation of its rate and direction is a highly 
dynamic process that changes during develop- 
ment, as well as during adaptation to variations 
in the external environment. To maintain appro- 
priate cell expansion rates, plant cells fine-tune 
signal transduction pathways involving protein 
phosphorylation cascades catalyzed by protein 
kinases and protein phosphatases. For exam- 
ple, light and the growth-stimulating hormone 
auxin increase cell expansion rates and decrease 
apoplastic pH via phosphorylation of the penulti- 
mate Thr” residue (/, 2) in a C-terminal regula- 
tory domain of plasma membrane H “~adenosine 
triphosphatase (H '-ATPase). 

RALF (rapid alkalinization factor), a 5-kD se- 
creted peptide first discovered with assays searching 
for endogenous plant peptides with the ability to 
increase the pH of the media of cultured cells (3, 4), 
also induces a rapid increase in cytoplasmic cal- 
cium (5). Among more than 30 RALF-like genes 
in the Arabidopsis genome (fig. $1), RALF is most 
highly expressed in roots and was suggested to be 
involved in root development (6, 7) (figs. S2 and 
S3). We report here on signaling events at the plasma 
membrane that involve a peptide-receptor interaction 
leading to the suppression of root cell elongation. 
RALF mobilizes calcium in a manner resembling 
the signal transduction pathways of animal peptide 
growth factors, wherein the factor binds to a cell 
surface receptor that then autophosphorylates (8). 
We demonstrate that FERONIA receptor-like kinase 
binds to RALF and initiates a downstream phos- 
phorylation signaling cascade that inhibits plasma 
membrane H'-ATPase activity, increases apoplastic 
pH, and reduces cell elongation. We identify RALF 
and FERONIA as a ligand-receptor pair and pro- 
vide a molecular mechanism for a FERONIA- 
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mediated growth-inhibitory signaling pathway 
that may also intersect with the innate immune 
response. 

To obtain material for biochemical and genetic 
studies, we expressed RALF as an N-terminal 
6xHis fusion peptide in Escherichia coli that 
was purified to homogeneity using an affinity 
column and reversed-phase high-performance 
liquid chromatography (fig. S4, A to D). His- 


A 871-sLASEDSDGLTPSAVFSQIM#NPK-895 
14N RALF 


15N Mock 


tagged RALF was biologically active in cyto- 
plasmic calcium mobilization assays (fig. S4C). 
As a negative control, we also produced and pu- 
rified an inactive RALF analog, RALF(A2-8), 
which lacks seven amino acids at its N terminus 
and is a biologically inactive analog (figs. S4E 
and S5) (9). To examine RALF-induced rapid 
changes in phosphorylation of plasma membrane 
proteins, we performed mass spectrometry—based 
quantitative phosphoproteomic profiling using 
an '°N metabolic labeling technique (10, 1/) 
(fig. S6A). Seedlings were treated with 1 uM 
RALF peptide or water as a control for 5 min, 
homogenized, and plasma membranes purified. 
For a biological duplicate, the samples were re- 
ciprocally labeled. Mass spectrometric analyses 
of phosphopeptides allowed the quantification of 
~550 '4N/'N phosphopeptide pairs, with median 
linear ratio changes of 1.14 and 1.17 for samples 
A (4N RALF/?N control) and B ('4N control/'°N 
RALF), respectively (fig. S6, B and C; fig. S7, A 
and B). Among the phosphopeptides quantified, 
five proteins displayed a change in abundance, 
observed in a reciprocal manner, by a factor of 
at least 2.5 (table S1). Four of these proteins 
increased in abundance—FERONIA receptor 
kinase (pS871 and pS874, factor of 8.3 to 13.4, 
Fig. 1A); plasma membrane H'-ATPase 2 (AHA2; 
factor of 2.6 to 4.3, fig. S8); calctum-dependent 
protein kinase 9 (CPK9; factor of 4.0 to 12.1, fig. S9); 
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Fig. 1. RALF induces increased phosphorylation of FERONIA receptor kinase. (A) Mass spectro- 
metric spectra showing an increased abundance of a FERONIA phosphopeptide containing p$871 and 
pS874 after RALF treatment. (B) Extracted ion chromatogram of a FERONIA phosphopeptide showing 
RALF-induced increase of phosphorylation at Ser®°®. (C) Structure of FERONIA receptor kinase. SP, signal 
peptide; TM, transmembrane domain; JM, juxtamembrane domain; KD, kinase domain. Arrows indicate 
the positions of T-DNA insertions in fer mutants. Abbreviations for amino acids: A, Ala; D, Asp; E, Glu; F, 
Phe; G, Gly; I, lle; K, Lys; L, Leu; M#, oxidized Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; Y, Tyr; 
s, phosphorylated serine. 
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and PEN3/ABCG36 transporter (factor of 4.17 to 
4.52)—and one decreased: a second FERONIA- 
related receptor-like kinase we term ERULUS 
(ERU; factor of 0.22, fig. S10A). 

We also observed the increased abundance 
of a FERONIA phosphopeptide containing a 
third serine phosphorylation site, pS858. Anal- 
ysis was hampered by an unrelated peptide 
coeluting during the liquid chromatography—mass 
spectrometry analysis, but we manually recon- 
structed the chromatogram for the FERONIA 
phosphopeptide, SSDVYEGNVTDsR (Fig. 1B). 
The pS858 phosphopeptide increased by a factor 
of ~20 in the RALF-treated tissues. Using selective 
reaction monitoring with a heavy isotope—labeled 
synthetic phosphopeptide containing pS858 (fig. 
S7, C and D), we determined that pS858 is in- 
creased by a factor of 6.4 to 11.5 in RALF-treated 
seedlings. By analogy with the phospho-regulated 
mammalian epidermal growth factor receptor (/2), 
we hypothesized that FERONIA was the receptor 
for RALF and that phosphorylation at the C ter- 
minus activated the kinase and initiated a RALF- 
induced signaling cascade (Fig. 1C). 

The FERONIA receptor-like kinase was first 
described with Arabidopsis mutants defective in 


pollen tube elongation arrest (/3). During normal 
fertilization, the elongating pollen tube stops and 
releases its sperm nuclei at the egg, whereas in 
the fer mutant, the pollen tube overgrows and 
fails to release sperm nuclei, resulting in reduced 
fertility. FERONIA is among the most widely 
expressed members of the malectin receptor ki- 
nase family (/4) (fig. S10B). In addition to changes 
in FERONIA, we detected another member of 
the malectin receptor family that responded to 
RALF, in this case with a decrease in abundance 
of the phosphopeptide containing pS497 located 
at the juxtamembrane domain (fig. S10C). Be- 
cause FERONIA was named after the Etruscan 
fertility goddess, we have named this protein 
ERULUS, after a son of FERONIA in Etruscan 
mythology. To test the in planta function of these 
two receptor kinases (FERONIA and ERULUS) 
that show RALF-dependent changes in phospho- 
rylation, we compared the growth of transferred 
DNA (T-DNA) knockdown (fer5) and knockout 
(fer4) mutants with that of the wild type in the 
presence and absence of RALF. At 1 uM RALF, 
wild-type growth was inhibited, whereas the 
fer4 null mutant was insensitive to RALF and 
the fer5 knockdown mutant was moderately in- 
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Fig. 2. Loss-of-function fer mutants are specifically insensitive to RALF. (A) The fer4 and fer5 
plants show reduced sensitivity to RALF-induced root growth inhibition. Seedlings were treated with 1 uM 
RALF. (B) Insensitivity of fer mutants to RALF is specific. Mutants of 18 other receptor-like proteins respond to 
RALF normally. (C) Normal FERONIA function is required for RALF-induced cytoplasmic calcium increase. 
Aequorin-expressing seedlings were treated with 500 nM RALF, n = 6. (D) RALF treatment causes a decrease of 
BR6OX expression in the wild type but not in the fer4 mutant. ACT2 denotes actin. Error bars in (B), (©), and (D) 


denote SEM. 


hibited (Fig. 2A and fig. S11A). In contrast, T-DNA 
mutants of ERULUS showed shorter root hair 
phenotypes (fig. S10, D to G), but there were no 
differences in sensitivity to RALF relative to the 
wild type (Fig. 2B), despite changes in its phospho- 
rylation in response to RALF. Inhibition of wild- 
type root elongation after RALF treatment was 
due to reduced cell elongation (fig. S11, B to D). 

To characterize RALF-induced early cellular re- 
sponses occurring within a few seconds after RALF 
treatment, we examined changes in cytoplasmic 
calcium of the fer4 mutant using an aequorin- 
expressing Arabidopsis seedling as cytoplasmic 
calcium reporter. The RALF-induced calcium in- 
crease observed in the wild type was absent in the 


Jer4 mutant (Fig. 2C), although a control experiment 


with ATP treatment showed that the fer4 mutant 
fully responds to this calctum-mobilizing agonist 
and is thus not generally defective in the calcium 
response machinery (fig. S12). These results in- 
dicate that the fer4 mutant is specifically deficient in 
the RALF-dependent calcium signaling system. 

RALF and FERONIA are both highly expressed 
in the mature zone of the root during the seedling 
stage (fig. S13), and their mRNA expression pat- 
terns and RALF-induced root growth arrest sug- 
gest that the two proteins act by restricting cell 
elongation in the post-elongation zone. Consist- 
ent with this idea, transcriptome analyses after 
RALF treatment for 30 min revealed that the fam- 
ilies of genes encoding proteins known to be in- 
volved in cell expansion—SAUR63 [small auxin 
up RNA (/5)], expansin (/6), and the rate-liming 
enzymes for biosynthesis of plant growth reg- 
ulators, brassinosteroid-6-oxidase 2 (BR60OX2) and 
gibberellin-3-oxidase 1—were all down-regulated 
(fig. S14) (77, 78). Genes associated with calcium 
and ethylene signaling, including calmodulin and 
ethylene response factors (/9), were up-regulated 
by RALF treatment. The RALF-induced change 
of BR6OX2 expression was absent in the fer4 
mutant (Fig. 2D). 

A peptide derived from pathogenic bacterial 
flagellin, flg22, is sensed by the FLS2 receptor 
and also induces a phosphorylation change of 
AHA2 at Ser*”? that coincides with apoplastic al- 
kalinization (20, 27). An AHA2 S899D (Ser®”? > 
Asp) mutant expressed in yeast demonstrated that 
this phosphomimetic mutation reduced growth 
relative to wild-type AHA2; thus, an increase 
in AHA2 phosphorylation at Ser®”? after RALF 
treatment is predicted to down-regulate H'-ATPase 
function, providing a molecular explanation for the 
observed RALF-induced apoplastic alkaliniza- 
tion (22). As a check on specificity of the RALF- 
FERONIA interaction, we examined the flg22 
sensitivity of the fer mutant as well as the RALF 
sensitivity of the fls2 mutant. The fer4 mutant 
was insensitive to RALF but not to flg22 peptide, 
and the //s2 mutant was insensitive to flg22 but 
not to RALF (fig. S15, A and B). We selected 17 
other lines containing knockout mutations for 
receptor-like kinases and cell surface receptor—like 
proteins that are implicated in RALF signaling 
because they are co-regulated with RALF or are 
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induced by RALF after 30 min of treatment (table 
82). None of these other lines showed differences 
in RALF sensitivity of root elongation relative to 
the wild type (Fig. 2B), and thus we conclude that 
the fer4 response to RALF is specific. 

The above observations suggest that FERONIA 
mediates RALF’s inhibitory effect on root elon- 
gation by inhibiting the activity of AHA2, which 
secretes protons into the apoplast (23). Our model 
predicts that the H’-ATPase activity is constitu- 
tively up-regulated in the fer4 mutant; consistent 
with this prediction, experimental measurements 
showed that fer4 mutants acidify the bathing me- 
dia faster than the wild type (Fig. 3A). Moreover, 
in a root elongation assay in the presence of the 
inhibitory cation lithium, fer4 mutant roots were 
hypersensitive and growth was poorer than in 
wild-type roots (Fig. 3B). This response is a typ- 
ical phenotype of mutant plants containing in- 
creased H'-ATPase activity and a hyperpolarized 
plasma membrane, which causes increased uptake 
of the inhibitory cation into the cytoplasm (24). 
The effect of increased H’-ATPase activity on root 
growth was examined by growing seedlings under 
blue light, which promotes root elongation (25). 
The roots of both fer4 and ra/f loss-of-function 
mutants were longer than wild-type roots (Fig. 
3C and fig. S16, A to D). 

To test whether RALF binds to FERONIA, we 
performed coimmunoprecipitation of HisRALF 
or its inactive analog HisRALF(A2-8) with he- 
magglutinin (HA)-tagged FERONIA (FER-HA) 
expressed in Nicotiana benthamiana. FER-HA 
protein, with an apparent molecular mass of 
~140 kD, bound HisRALF (~8 kD; Fig. 4, A 
and B). His-RALF binding was greater than with 
the inactive analog by a factor of 4.5 to 6. The 
lack of effect of HisRALF(A2-8) when added 
together with HisRALF in root inhibition assays 
indicates that HisRALF(A2-8) lacks the ability to 
interact with the RALF receptor, and this was 
borne out by binding measurements (Fig. 4, A 
and C, and fig. S17A). In a separate experiment 
with 25 nM RALF labeled with '*°I, we mea- 
sured the binding of RALF peptide to plasma 
membranes isolated from wild-type or fer4 plants 
in the presence or absence of an excess amount 
(25 uM) of nonradioactive RALF (Fig. 4D). Ap- 
proximately half of the iodinated RALF bound 
to the wild-type plasma membrane was reduced 
by an excess amount of nonradioactive RALF, 
indicating that this portion of the binding is not 
only specific but also saturable. In the fer4 mu- 
tant, the saturable binding was reduced by ~40% 
but not completely eliminated. The possibility 
that there are additional sites for RALF binding 
other than FERONIA in the plasma membrane 
of wild-type plants is supported by our observa- 
tion that the fer4 mutant is not completely insen- 
sitive to RALF at a higher concentration (5 uM) 
in both the root growth inhibition test and cyto- 
plasmic calcium assay (fig. S15, D and E). Direct 
and specific binding of RALF to FERONIA was 
further confirmed with in vitro binding assays 
using the ectodomain of FERONIA (ectoFER) 


expressed as fusion proteins with either glutathi- 
one S-transferase (GST) or maltose binding pro- 
tein (MBP) produced in E. coli (fig. S18, B to F). 
RALF specifically bound to GST-ectoFER as well 
as HisMBP-ectoFER; the inactive RALF analog 
showed little or no binding in pull-down assays 
with the ectoFER proteins (Fig. 4, E and F). 
Our results show that FERONIA is a receptor 
for RALF and that this receptor kinase mediates 
RALF’s inhibitory effects on the cell elongation 
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rate in Arabidopsis primary roots. Our demonstra- 
tion that RALF is a naturally occurring ligand for 
FERONIA and that this kinase plays an important 
role in negatively regulating cell expansion pro- 
vides an impetus for future work in evaluating the 
role that each RALF-like peptide plays in plant 
growth and development. The results also support 
the hypothesis that RALF, or another member of 
the 34 RALF-like peptides, is the ligand func- 
tioning in pollen tube arrest prior to fertilization. 


WT fer4 


WT _ fer4 


Fig. 3. Loss-of-function fer mutant exhibits the phenotype typical of plants with a higher 
plasma membrane H*-ATPase activity. (A) Seedlings of fer4 mutant acidify bathing media faster than 
the wild type (n = 7 each). Error bars denote SEM. (B) The fer4 root growth is hypersensitive to lithium ion 
stress, consistent with a hyperactive pump and a deeper membrane potential. (C) The fer4 mutant shows 
longer root length. Seedlings were grown under blue light for 7 days. 


Fig. 4. RALF binds to A 
FERONIA. (A) HisRALF(A2-8) 10) 
is an inactive analog of RALF 
and does not compete with 
RALF in root growth inhibi- 
tion assay. Data are means + 
SD (n = 6). (B) RALF binds 
to the FERONIA protein ex- 
pressed in tobacco. Red ar- 24 
row indicates FER-HA; green 
arrow indicates HisRALF.(C) oe 
Binding of RALF to FERONIA jicrairiazs). 
is sequence-specific, and bind- 

ing of the inactive analog 
HisRALF(A2-8) to FERONIA 
is similar to background bind- 
ing. Binding was immunode- 
tected with antibodies to His 
tag (a-His) or HA (a.-HA). (D) 
The fer4 mutant plasma mem- 
brane shows reduced saturable 
binding of 7°|-RALF rela- 500 
tive to the wild type. Data a 
are means + SE. Bound and 
released *“°|-RALF detected 
in protein gel shows reduced 
binding in the fer4 mutant. 


iw] 
— 
=} 
S 
6 


Bound !25|-RALF (CPM) 


Cold RALF 27 


Root length (mm) 
. a co 
1 1 1 f 
a 
So 


eats — 
- - + 


Vector FERHA = © input 
HisRALF Ce 


7 RALF RALF 
—— 
a- His 
10- 


Input Output 
E 


<= 
5s = 
oo 
> bu 


GST-ectoFER HisMBP-ectoFER 


+ + 7 + + 
His His His 
RALF RALF RALF 
(A2-8) 


His His His 
RALF RALF RALF 
(A2-8) 


MBP-ectoFER 
a-GST 


a- His 
a- His 


(E) HisRALF, but not HisRALF(A2-8), binds to GST-tagged ectodomain of FERONIA receptor (GST-ectoFER). 
Data are representative of three experiments. (F) HisRALF, but not HisRALF(A2-8), binds to HisMBP- 


tagged ectodomain of FERONIA (HisMBP-ectoFER). 


24 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


References and Notes 
1. K. Takahashi, K. Hayashi, T. Kinoshita, Plant Physiol. 
159, 632-641 (2012). 
2. T. Kinoshita, K. Shimazaki, EMBO J. 18, 5548 (1999). 
3. G. Pearce, D. S. Moura, J. Stratmann, C. A. Ryan Jr., 
Proc. Natl. Acad. Sci. U.S.A. 98, 12843-12847 (2001). 
4. M. Haruta, C. P. Constabel, Plant Physiol. 131, 814-823 
(2003). 
5. M. Haruta, G. Monshausen, S. Gilroy, M. R. Sussman, 
Biochemistry 47, 6311-6321 (2008). 
6. J. L. Matos, C. S. Fiori, M. C. Silva-Filho, D. S. Moura, 
FEBS Lett. 582, 3343-3347 (2008). 
7. J. Wu et al., Plant J. 52, 877-890 (2007). 
8. J. V. Olsen et al., Cell 127, 635-648 (2006). 
9. G. Pearce, Y. Yamaguchi, G. Munske, C. A. Ryan, Peptides 
31, 1973-1977 (2010). 
10. K. G. Kline-Jonakin, G. A. Barrett-Wilt, M. R. Sussman, 
Curr. Opin. Plant Biol. 14, 507-511 (2011). 
11. J. J. Sanchez-Serrano, Arabidopsis Protocols (Springer, 
New York, 2013). 
12. P. J. Bertics et al., J. Biol. Chem. 263, 3610-3617 (1988). 
13. J.-M. Escobar-Restrepo et al., Science 317, 656-660 (2007). 
14. H. Lindner, L. M. Miller, A. Boisson-Dernier, U. Grossniklaus, 
Curr. Opin. Plant Biol. 15, 659-669 (2012). 
15. K. Chae et al., Plant J. 71, 684-697 (2012). 


16. D. J. Cosgrove, Z. C. Li, Plant Physiol. 103, 1321-1328 

(1993). 

17. T. Nomura et al., J. Biol. Chem. 280, 17873-17879 (2005). 

18. J. Hu et al., Plant Cell 20, 320-336 (2008). 

19. D. Lee, D. H. Polisensky, J. Braam, New Phytol. 165, 

429-444 (2005). 

20. G. Felix, J. D. Duran, S. Volko, T. Boller, Plant j. 18, 

265-276 (1999). 

21. T. S. Nuhse, A. R. Bottrill, A. M. E. Jones, S. C. Peck, 
Plant J. 51, 931-940 (2007). 

22. E. L. Rudashevskaya, J. Ye, O. N. Jensen, A. T. Fuglsang, 
M. G. Palmgren, J. Biol. Chem. 287, 4904-4913 (2012). 

23. M. Haruta et al., J. Biol. Chem. 285, 17918-17929 
(2010). 

24. A. Goossens, N. de La Fuente, J. Forment, R. Serrano, 
F. Portillo, Mol. Cell. Biol. 20, 7654-7661 (2000). 

25. G. Wu, E. P. Spalding, Proc. Natl. Acad. Sci. U.S.A. 104, 
18813-18818 (2007). 


Acknowledgments: We thank H. Burch for technical 
assistance; M. lvancic for advice on mass spectrometry data 
analyses; R. Wrobel, B. Fox (National Institute of General 
Medical Sciences Protein Structure Initiative, U54 GM074901), 
and S. Litscher for assistance with £. coli expression 
experiments; G. Barrett-Wilt for mass spectrometric 


REPORTS 


instrumentation; M. A. Beg, M. Hoffman, and O. Ginther for 
assistance with the iodination experiments; F. Li for advice 
on Nicotiana expression; S.-H. Su and the Plant Imaging 
Center for assistance with microscopy; and W. Aylward for 
advice on Etruscan mythology. Supported by NSF grant 
MCB-0929395 and U.S. Department of Energy Office of 
Basic Energy Sciences grant DEFGO2-88ER13938 (M.R.S.), 
NSF grant DGE-1256259 (K.S.), and the National Human 
Genome Research Institute—University of Wisconsin Genomic 
Sciences Training Program (NIH grant 5132HG002760, 
B.B.M.). Phosphoproteome data are deposited in PRIDE 
(Proteomics Identification Database) with accession numbers 
31655 to 31656 and ProteomeXchange accession number 
PXD000515. Microarray data are deposited in ArrayExpress 
(E-MEXP-3994). 


Supplementary Materials 
www.sciencemag.org/content/343/6169/408/suppVDC1 
Materials and Methods 

Figs. $1 to $14 

Tables $1 and $2 

References (26-44) 


9 August 2013; accepted 17 December 2013 
10.1126/science.1244454 


A Different Form of Color Vision in 


Mantis Shrimp 


Hanne H. Thoen,?* Martin J. How,’ Tsyr-Huei Chiou,” Justin Marshall” 


One of the most complex eyes in the animal kingdom can be found in species of stomatopod 
crustaceans (mantis shrimp), some of which have 12 different photoreceptor types, each sampling a 
narrow set of wavelengths ranging from deep ultraviolet to far red (300 to 720 nanometers) (7—3). 
Functionally, this chromatic complexity has presented a mystery (3—5). Why use 12 color channels when 
three or four are sufficient for fine color discrimination? Behavioral wavelength discrimination tests 
(AA functions) in stomatopods revealed a surprisingly poor performance, ruling out color vision that 
makes use of the conventional color-opponent coding system (6—8). Instead, our experiments suggest 
that stomatopods use a previously unknown color vision system based on temporal signaling combined 
with scanning eye movements, enabling a type of color recognition rather than discrimination. 


tomatopods are benthic marine crustaceans 

that are generally found in tropical and tem- 

perate waters. Their compound eyes pos- 
sess the largest number of photoreceptor types 
known in any animal [between 16 and 21 dif- 
ferent receptors in some species (/, 3, 9)], allow- 
ing them to discriminate color (5) as well as both 
linear and circular polarized light (3, /0). Such 
retinal complexity is unrivaled in the animal king- 
dom, although papilionid butterflies may have 
up to eight spectral sensitivities (//7). Theoretical 
approaches have predicted that between four and 
seven photoreceptor types are all that is needed 
to accurately encode the colors of the visible spec- 
trum (/2—/4). The four-channel (tetrachromatic) 
solution that birds and reptiles use to sample a 
spectral range from 300 to 700 nm is optimally 
arranged to encode the known colors within this 
range. Where the spectrum examined loses the 
ultraviolet (UV) or red end, three photoreceptors 
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suffice, and trichromacy is the solution that many 
animals exhibit (/2). 

Our question was therefore, why do the stoma- 
topods use 12 different photoreceptors to encode 
color? Before the experiments described here, 
Marshall et al. (5) demonstrated that stomatopods 
are capable of simple color discriminations based 
on color-card tests, similar to those devised by 
Carl von Frisch for bees and now used widely for 
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a number of animals (5). We hypothesized two 
alternative mechanisms for color information pro- 
cessing in stomatopods: (i) a multiple dichromatic 
color-opponent system (as described below), or 
(i) the binning of colors into 12 separate channels, 
without any between-channel comparisons (4, /6). 
Like butterflies, stomatopods have a variety of 
colorful body patterns, even using fluorescence to 
enhance color display (/7). Furthermore, many of 
these species inhabit shallow coral reefs, one of the 
most colorful environments on Earth. The stomato- 
pod’s colors are thought to be involved in particular- 
ly complex communication systems, both between 
and within species (/8), but little of this complexity 
requires a 12-dimensional color space to distinguish 
the colors available. Osorio et al. (19) speculated 
that stomatopods use their color sense to make 
reliable and quick judgements of color signals from 
conspecifics under changing light conditions, their 
steep-sided spectral sensitivities allowing particu- 
larly good color constancy. This would require com- 
parison of the spectrally adjacent sharply tuned 
spectral sensitivities, and there is some anatom- 
ical evidence supporting this idea (6). 
Stomatopod eyes are made up of a dorsal and 
ventral hemisphere, divided by a region of distinct 


Fig. 1. (A) Spectral sensitivities of H. trispinosa. Spectral sensitivity curves obtained from intracellular 
electrophysiological recordings. The figure shows smoothed data (four neighbors on each side, second-order 
polynomial), normalized to 100% (see table S1). (B) Eye of H. trispinosa. Showing the dorsal hemisphere (DH) and 
ventral hemisphere (VH), divided by the midband (MB) containing the color receptors in the four top rows (CV). 
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ommatidia (optical units) termed the midband 
(Fig. 1). Within two superfamilies of stomatopods 
(Gonodactyloidea and Lysiosquilloidea), this mid- 
band consists of six separate rows of ommatidia, 
each with different functionalities (2). Rows 1 to 4 
are involved in color processing; rows 5 and 6 
mediate the detection of circular or linear polarized 
light (3). A total of 12 cell types, each with differ- 
ent spectral sensitivities, are found within rows 
1 to 4, with four UV-sensitive retinular cells located 
distally in the retina and by convention termed R8& 
cells (3). Beneath the R8 cells, the remaining seven 
retinular cells (R1 to R7) are further divided into 
two tiers (2). Comparison of the secondary R1 to 
R7 cell tiers would yield a set of highly tuned di- 
chromatic mechanisms, sampling the 400- to 
700-nm part of the spectrum in four bins as per 
hypothesis (i) above (3, 6, 79) (Fig. 1). Hypoth- 
esis (11) would require a recognition of the pattern 
of excitation over the entire spectrum. 

To distinguish between the two proposed 
hypotheses, we tested the ability of stomatopods 
to distinguish between different hues [spectral dis- 
crimination (A) functions] using the Gonodactyloid 
stomatopod species Haptosquilla trispinosa. When 
two narrow-band spectral stimuli are presented 
simultaneously, they can only be discriminated 
when the difference between them is over a cer- 
tain threshold, giving the minimum discriminable 
difference. Spectral discrimination curves obtained 
from other animals usually exhibit certain minima 
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in areas between the spectral sensitivity curves 
(20). Therefore, dichromats usually exhibit one such 
minimum, trichromats have two minima, tetrachro- 
mats have three, and so on. Our goal was therefore 
to test the color discrimination abilities of mantis 
shrimp by using a two-way choice test (Fig. 2 and 
fig. S1) in which the animal is trained to a specif- 
ic wavelength by means of food rewards. The 
wavelength stimuli were presented to the animal 
with a pair of optical fibers, and a choice was 
recorded when the animal grabbed or tapped the 
end of the fiber. Test colors were presented to- 
gether with the trained colors at varying wave- 
length intervals to determine at what point the animal 
could no longer discriminate between the two stimuli 
(i.e., when the success rate dropped to 50%). 
Animals were trained successfully to 10 dif- 
ferent color wavelengths: 400, 425, 450, 470, 
500, 525, 570, 578, 628, and 650 nm. When the 
test wavelength was 50 to 100 nm from the trained 
wavelength, the success rates were between 70 
and 80%, indicating that they discriminated well 
between the two stimuli. However, when the inter- 
val between the trained and test wavelengths was 
reduced to between 25 and 12 nm, the success rates 
dropped to around 50%, and it was clear that the 
stomatopods could no longer distinguish test from 
trained stimuli. An example of success rates is 
given in Fig. 2, and further results are shown in 
tables S2 and S3. The discrimination threshold was 
chosen to be at a 60% success rate, in accordance 


Fig. 2. Examples of correct choice data from a two-way choice test of H. trispinosa. Curves are 
plotted as mean + SEM. The horizontal dashed lines indicate the 50% (chance) and 60% (discrimination) 
criteria. (A) Choices of animals trained to 470 nm (n = 7) and tested toward longer wavelengths. (C) 
Choices of animals trained to 570 nm (n = 4) and tested toward shorter wavelengths. The number above 
each point indicates the tested wavelength interval. (B and D) Examples of animals making a choice. 


with previous studies on animal discrimination 
thresholds (20). Using the interpolated points at 
60%, we determined a relative spectral discrimina- 
tion curve of AA/A (Fig. 3). The resulting values of 
Ad were all in the region between 12 and 25 nm, 
and the prominent dips, or minima, usually asso- 
ciated with the points between spectral sensitivity 
maxima in other studies were not clearly defined by 
spectral overlap regions (Fig. 3). 

The potential spectral discrimination ability, 
based on previously known color vision systems, 
was also modeled to allow us to make predictions 
about the stomatopod color processing system. The 
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Fig. 3. Spectral discrimination curves (AX/A). 
The spectral discrimination curve from behavioral 
testing of H. trispinosa is shown by a thick black 
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from Koshitaka et al. (20).] 
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sensitivities of the photoreceptors in H. trispinosa 
were measured using intracellular electrophysiology 
(9) (table S1). Eight sensitivity maxima were found 
in the visible part of the spectrum, and another three 
were found in the UV {the fourth UV cell often 
proving hard to locate and record from [(9), Fig. 1]}. 
We modeled the stomatopod spectral discrimina- 
tion curve using the Vorobyev/Osorio noise-limited 
model (2/) (which determines color thresholds using 
photoreceptor noise levels) for a serial dichromatic 
system with comparison between each adjacent 
spectral sensitivity [mechanism (i) above (note S1)]. 
This system predicts very fine discrimination be- 
tween | to 5 nm throughout the spectrum, with few 
peaks of coarser discrimination as seen in other 
animals. Such fine spectral discrimination would be 
expected in a color vision system that made analog 
comparisons between adjacent spectral sensitiv- 
ities. The behavioral results presented here (Fig. 2) 
suggest that such analog comparisons are not made. 
Instead, stomatopod color vision is remarkably 
coarse (Fig. 3). 

The results from our experiments suggest that 
the stomatopods do not use a processing system of 
multiple dichromatic comparisons as previously 
hypothesized based on assumed neural connections 
(/6). Instead, we provide evidence that scanning 
eye movements (22) may generate a temporal sig- 
nal for each spectral sensitivity, enabling them to 
recognize colors instead of discriminating them. 
(Fig. 4) (3, 4). In such a system, the 12 sensitivities 
(including the UV, not analyzed here but with its 
multiple sensitivities a good fit to the system en- 
visaged) would be converted into a temporal pat- 
tern when scanned across an object, which the animal 
could recognize as color. This system is comparable 
to the spectral linear analyzers (termed ”’push-broom”’ 
analyzers because of the arrangement of the sen- 
sors and the flight direction) used in remote sensing 
systems (23) and is a unique way for animals to 
encode color. Although this system does not have 
the ability to discriminate between closely positioned 
wavelengths (and results in spectral “discrimina- 
tion” defined by the distances between sensitivity 
peaks, seen when comparing Fig. | and 3), it would 
enable the stomatopod to make quick and reliable 
determinations of color, without the processing de- 
lay required for a multidimensional color space. 
Without the comparison of spectral channels, color 
constancy would not function in the way we 
currently understand it in other animals. Instead, 
identification of a color pattern by the mid-band 
and luminance by the hemispheres might function 
as a “panchromatic” method to discount illumi- 
nance (23). The eye is optically skewed so that both 
midband and hemispheres examine the same areas 
in space, which lends support to this idea (3). How- 
ever, the details of the neural processing from the 
receptors remain unknown. 

Stomatopods live a rapid-fire lifestyle of com- 
bat and territoriality, so possessing a simple, tem- 
porally efficient color recognition ability may be 
critical for survival (24, 25). As with many in- 
vertebrate information-encoding solutions, the 
actual processing of the problem is dealt with at 


the periphery, in this case by an array of detectors 
seen in animals and unconsciously duplicated by 
remote-sensing engineers. What remains for us to 
discover is the nature of the information and its 
importance in the biological decisions these en- 
gaging crustaceans make. 
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Risky Ripples Allow Bats and Frogs to 
Eavesdrop on a Multisensory 


Sexual Display 


W. Halfwerk,” 2* P.L. Jones,” ? R. C. Taylor,* M. J. Ryan,’ ? R. A. Page? 


Animal displays are often perceived by intended and unintended receivers in more than one sensory system. 
In addition, cues that are an incidental consequence of signal production can also be perceived by 
different receivers, even when the receivers use different sensory systems to perceive them. Here we show that 
the vocal responses of male tungara frogs (Physalaemus pustulosus) increase twofold when call-induced 
water ripples are added to the acoustic component of a rival's call. Hunting bats (Trachops cirrhosus) can 
echolocate this signal by-product and prefer to attack model frogs when ripples are added to the acoustic 
component of the call. This study illustrates how the perception of a signal by-product by intended and 
unintended receivers through different sensory systems generates both costs and benefits for the signaler. 


sexual selection but are often opposed by 

predation (/, 2). Animals can produce com- 
plex signals that are detected and processed through 
multiple sensory systems [commonly referred to as 
multimodal or multisensory signals (3, 4)]. Many 
communication systems once thought to operate 
primarily in a single sensory mode actually include 
secondary components that stimulate additional 
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senses (5-7). For instance, lip movements are nec- 
essary to produce human speech, but the associated 
visual cue of moving lips can also have a dramatic 
impact on speech perception (7). Such secondary 
signal components can be beneficial when they 
enhance the detection and perception of signals 
(3, 4). However, communication between the sender 
and intended receiver rarely occurs in private chan- 
nels (8), and signalers are prone to costs imposed 
by eavesdroppers, such as predators and parasites 
who also attend to their displays (9—1/). 

Many male frogs possess conspicuous vocal 
sacs that evolved to recycle air during the production 
of their advertisement calls (6). The inflation and 
deflation of the vocal sac additionally act as 
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visual cues in female attraction and male com- 
petition (/2—/4). Furthermore, when frogs call from 
the water’s surface, their body movement in- 
cidentally creates surface waves or ripples which 
may be perceived as a third component by receivers 
(a tactile component in addition to the acoustic 
and visual components (/5) (Fig. 1 and movie S1). 
Water ripples play a communicative role in some 
frog species (6, 17), but we have had no under- 
standing of how call-induced cues are integrated 
with the perception of the acoustic component of 
the call by intended receivers and eavesdroppers. 

In our study system, male tungara frogs 
(Physalaemus pustulosus) aggregate at night in 
shallow ponds and call to attract females (/8). 
Males compete acoustically with other tangara 
males and maintain spacing by physically de- 
fending a calling site with a radius of roughly 
7.5 cm against competitors (18). Males display 
from shallow puddles and create ripples as a by- 
product of call production, which can potentially 
be used by other males to assess the location of 
rivals. The frog-eating bat (Zrachops cirrhosus) can 
eavesdrop on the acoustic component of the 
frog’s call (/, 19). To reduce predation risk, frogs 
stop calling in response to predator cues (20), a 
strategy that has been shown to effectively in- 
crease localization errors by bats (2/). Other bat 
species are able to use echolocation to detect small 
water droplets released into the air (splashes) or 
other cues produced when aquatic prey disrupt the 
water surface (22-24). We hypothesized that ripples 
produced during calling may aid frog-eating bats in 
the detection or localization of calling frogs, 
reducing the effectiveness of the frog's antipredator 
strategy of call cessation (20, 2). 

Male tingara frogs generally show one of three 
behaviors in response to a nearby calling male, 
which is probably related to the risk of aggressive 
escalation and the motivation to fight (2). A chal- 
lenged male can deflate his vocal sac and cease 
calling (but remain stationary at his call site), in- 
crease his call rate, or approach the rival to fight 
(8). We tested whether males used ripples asso- 
ciated with calling to assess rival competition. In 
playback experiments, males were presented with 
a multisensory display (sound plus ripples), sound 
alone, and ripples alone. We also varied the distance 
from the stimulus to the male [inside versus outside 
the physically defended range; (25) and fig. S1]. 

All males responded to ripples when they co- 
occurred with the acoustic signal (Fig. 1). On 
average, the call rate more than doubled during 
exposure to the multisensory signal as compared 
to the rate with sound alone [generalized linear 
mixed model (GLMM); n = 22 frogs, df = 21, ¢ 
statistic (f) = 6.87, P < 0.001; Fig. 1 and movie 
S2]. Males did not respond to ripples alone, dem- 
onstrating that sound is the dominant signal com- 
ponent of the courtship behavior. 

Male responses to ripples were dependent on 
distance. When the stimulus was within 7.5 cm 
of the focal male (i.e., within the zone that is 
physically defended), males called less in re- 
sponse to sound plus ripples and occasionally 


ceased calling and deflated their vocal sac. When 
the stimulus was broadcast from 30 cm away, 
however, males increased their rate of response 
when ripples accompanied sound (GLMM, effect 
of distance on call cessation: n = 18 frogs, df= 1, 
x? = 6.05, P= 0.014; effect on call rate: n = 18 frogs, 
df= 17, t value = 5.79, P< 0.001; Fig. 1). Distance 
from the playback source, however, did not affect 
male response to only the acoustic component of 
the signal (call cessation: n = 16 frogs, df= 1, y° = 
0.0, P = 1.0; call rate: n = 14 frogs, df = 13, ¢ 
value = 1.46, P= 0.17). 

The ripples produced during calling travel 
slowly in shallow water (~25 cm/s) (26) and 
therefore could potentially be detected by an 
eavesdropping predator for up to several seconds 
after call cessation. We tested whether bats could 
make use of such an aftereffect by offering bats 
(n = 10) a choice between a frog model next to a 
pool in which we generated the acoustic com- 
ponent of the call and ripples or a model that was 
placed next to a control pool in which the acoustic 
component of the call was broadcast but which 
lacked ripples [ (25) and fig. S1]. In each trial, both 
stimuli were presented simultaneously and both 
were immediately halted when the bat flew from its 
perch, thereby mimicking the natural antipredator 
response of the frogs. Although sound immediately 
ceased at this point, nipple propagation continued 
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until the ripples reached the end of the experimental 
pool 2 to 3 s later. 

Bats preferentially attacked the model associ- 
ated with ripples (GLMM; df = 1, z score (z-) = 
2.81, P = 0.005; Fig. 2 and movie S3). The attack 
rate on the multisensory signal (sound plus ripples) 
increased by 36.5% as compared to the control 
signal (sound alone). These experiments demon- 
strate that bats make use of call-induced ripples, 
most likely through echolocation, because the exper- 
iments were conducted with no visible light and 
thus should have deprived the bat of visual cues. 

We assessed the detection limits of echoes 
returning from smooth versus disturbed water 
surfaces by broadcasting an artificial sonar call 
to the experimental pools under varying angles 
and recording the returning echoes. Echo ampli- 
tude, and hence signal detection, strongly depends 
on the angle between sonar beam and water sur- 
face because of the acoustic mirror effect (24), 
making it unlikely that bats perceived the ripples 
from their perch (see also echo examples in Fig. 2). 
At close range, echoes returning from pools with 
ripples had higher variance in amplitude than 
echoes from control pools with smooth water 
surfaces (Fig. 2), generating a detectable cue 
for bats as they approach. 

In nature, the tungara frogs’ calling sites vary 
in the amount of clutter on or near the water surface, 
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Fig. 1. Call-induced water ripples alter rival responses. (A) Calling male tungara frogs produce 
airborne vibrations (acoustic sound), the primary signal component, known to target males and females. 
Males also create waterborne vibrations (water ripples), an incidental by-product of calling from water 
surfaces. (B) Males increase call rates in response when ripples are added to sound playback. (C) When 
ripples and sound are played simultaneously from within the physically defended zone (7.5 cm), a significant 
proportion of males reduce their call rate, cease calling, and/or deflate, presumably to fight or flee. Shown 
are box plots of male call rate model estimates plus the individual responses of tested frogs (gray lines). 
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ranging from completely open to completely veg- 
etated. We varied the calling environment by placing 
screens partially covered with leaf litter over the two 
experimental pools (a treatment that increases echo- 
acoustic clutter) and presented bats with stimuli 
emanating from sites with and without clutter. 
Clutter treatment had a strong effect on attack 
preference (df= 1, y* = 16.02, P= 0.005, Fig. 2): 
When both pools were partially covered with leaf 
litter, the attack preference disappeared (df = 1, 
z—= 0.34, P > 0.97). 

Sexual selection has been responsible for 
generating some of the most elaborate behavioral 
phenotypes in the animal kingdom (/), but the 
evolution of such traits may be restricted by an 
increased risk of eavesdropping by parasites and 


is) 
ane 
ry 
ro) 


frequency (kHz) 


oO 
o 


\ 


for) 
o 


40 


number of attacks 


control ripples 


Experimental pools 


c \ dB 
90° 
D 
) 


0 time (ms) 2 


predators (3, 9). Understanding the specific mech- 
anisms responsible for driving the diversification 
of multisensory signals is challenging. It requires 
demonstration of the effects of individual and 
combined signal components on receivers (e.g., 
how receivers perceptually integrate multiple sig- 
nal components), and it requires an understand- 
ing of costs imposed on those signals. Our results 
provide three important insights into this process. 
First, we demonstrated that male tingara frogs 
attend to ripples in addition to the calls of per- 
ceived rivals. This probably improves the ability 
of males to make decisions about calling effort 
and risk relative to competition from nearby con- 
specifics (27). Ripples may also aid females in 
localization of the signaler through their integra- 
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Fig. 2. Bats use call-induced ripples to hunt frogs. (A) Frog-eating bats rely partially on echo- 
location to hunt their prey. Water surfaces are highly reflective of echolocation signals, but the amount of 
returning echo (blue arrows) depends strongly on the angle between the signal propagation path (red 
lines) and the surface. (B) Spectrographic example of a bat's echolocation signal, with time on the x axis 
and frequency on the y axis. (C) Echo images derived from broadcasting a synthetic sonar call under 
different angles to the test pool. Echo amplitude as well as overall structure quickly decreased with 
decreasing angles. (D) Disturbed water surfaces during ripple playback produce higher variance in echo 
amplitude than do the smooth surfaces. (E) Results from a two-choice test with bats, showing a preference 
to attack the ripple pool over the control pool. (F) Ripple preference depends on environmental 
conditions. When both pools were covered with a layer of leaves (cluttered environment), preference 
disappeared. Graphs show mean + SD (D) or box plots of model estimates + individual lines [(E) and (F)]. 
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tion with airbome sound (28). Second, we showed 
that the same signal by-product can be detected 
through different sensory systems by intended 
and unintended receivers. Detection of ripples 
by tingara frogs probably occurs via tactile stim- 
ulation, whereas bats detect them in the acoustic 
domain through echolocation. The perception of 
signal by-products through different senses by 
different receivers increases the range of eaves- 
droppers that can exploit the communication sys- 
tem. Third, predator detection of these signal 
by-products imposes a strong cost on signalers 
because of the frog’s inability to halt ripple prop- 
agation (see movie S3 for a demonstration of a 
bat circling the ripples at some distance from the 
source, ~2 s after we stopped call production). 
This could counter the frog's main antipredator 
strategy of call cessation, because ripples leave a 
“footprint” of the frog’s presence for several sec- 
onds after the male has disappeared from the 
acoustic channel. All signals and associated by- 
products produce disturbances in the environment, 
which can be perceived by multiple receiver spe- 
cies in different sensory systems, exposing the 
signalers to a complex array of costs and benefits. 
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Endothelial Cell-Derived Angiopoietin-2 
Controls Liver Regeneration as a 
Spatiotemporal Rheostat 


Junhao Hu,?* Kshitij Srivastava,’2* Matthias Wieland,” Anja Runge,” Carolin Mogler,*? 
Eva Besemfelder,’ Dorothee Terhardt,* Marion J. Vogel,’ Liji Cao,’ Claudia Korn,* 
Susanne Bartels,? Markus Thomas,”7+ Hellmut G. Augustin??>+ 


Liver regeneration requires spatially and temporally precisely coordinated proliferation of the two 
major hepatic cell populations, hepatocytes and liver sinusoidal endothelial cells (LSECs), to reconstitute 
liver structure and function. The underlying mechanisms of this complex molecular cross-talk remain 
elusive. Here, we show that the expression of Angiopoietin-2 (Ang2) in LSECs is dynamically regulated 
after partial hepatectomy. During the early inductive phase of liver regeneration, Ang2 down-regulation 
leads to reduced LSEC transforming growth factor—B1 production, enabling hepatocyte proliferation 
by releasing an angiocrine proliferative brake. During the later angiogenic phase of liver regeneration, 


recovery of endothelial Ang2 expression enables regenerative angiogenesis by controlling LSEC 
vascular endothelial growth factor receptor 2 expression. The data establish LSECs as a dynamic 
rheostat of liver regeneration, spatiotemporally orchestrating hepatocyte and LSEC proliferation 
through angiocrine- and autocrine-acting Ang2, respectively. 


he vascular endothelium is considered a 
| passive cell population that acts in re- 
sponse to exogenous cytokines. However, 
recent work has shown that the endothelium can 
actively function as gatekeeper of tissue homeosta- 
sis. Endothelial cell-derived angiocrine signals 
orchestrate organogenesis during development 
(/, 2) and promote liver and lung regeneration in 
the adult (3, 4). Liver regeneration is a prototypic 
example of the intricate cross-talk between 
parenchymal cells and stromal cells (5-8). Liver 
sinusoidal endothelial cells (LSECs) have been 
shown to exert protective functions on hepato- 
cytes (9) and promote hepatocyte proliferation 
during liver regeneration (3). 
In order to systematically analyze the mech- 
anisms of LSEC-regulated angiocrine growth con- 
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trol during liver regeneration, we isolated LSEC 
from sham-operated and two-thirds partial hepa- 
tectomized mice | day after surgery and performed 
transcriptomic gene expression analyses. Ninety- 
three genes were significantly up-regulated in LSEC 
upon partial hepatectomy (PHx) (table $1). Only 
nine genes were significantly down-regulated. 
Among the most strongly down-regulated LSEC 
genes was Angiopoietin-2 (Ang2) (Fig. 1A and 
table $2). Ang2 is a contextual antagonist of 
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the vascular receptor tyrosine kinase Tie2 and is 
expressed at low levels in resting endothelial 
cells (0, 1/). Angiogenic or inflammatory en- 
dothelial activation leads to the up-regulation 
of Ang2 (/2-/4). The rapid down-regulation 
of LSEC Ang2 after PHx was consequently 
counterintuitive and prompted us to systemati- 
cally study the role of LSEC-derived Ang2 dur- 
ing liver regeneration. 

Quantitative polymerase chain reaction 
(PCR) analysis of Ang2 in liver lysates con- 
firmed the rapid Ang2 down-regulation after 
PHx. One day after PHx, Ang2 mRNA levels 
were down-regulated to 18% of liver lysates from 
sham-operated mice. Ang2 expression thereafter 
steadily recovered to normal levels at day 8, 
when the liver restores its normal mass (Fig. 1B). 
The temporal pattern of Ang2 expression corre- 
sponded to the well-established pattern of hepato- 
cyte and nonparenchymal cell proliferation after 
PHx (/5). In mice, liver regeneration after PHx 
occurs rapidly by means of hepatocyte hyper- 
plasia and hypertrophy to reach a proliferation 
peak as early as 48 hours after hepatectomy (/6). 
Thereafter, hepatocyte proliferation steadily de- 
clines to baseline (/5). In contrast, nonparenchy- 
mal cells, including LSECs, reach a proliferation 
peak 4 days after PHx, which is concomitant with 
the gradual recovery of Ang2. We therefore hy- 
pothesized that LSEC-derived Ang2 may nega- 
tively control hepatocyte proliferation and that 
Ang2 down-regulation after PHx may contribute to 
hepatocyte proliferation by releasing an angiocrine 
growth regulatory brake. 
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Fig. 1. Dynamics of Ang2 expression in LSECs after hepatectomy. (A) Heat map representation of 
significantly changed LSEC genes from sham operated and hepatectomized mice one day after surgery 
(n = 4 mice). Details of identified genes are listed in tables $1 and $2. (B) Temporal kinetics of Ang2 
expression during liver regeneration by means of quantitative PCR analysis of mRNA from whole-liver 
lysate (mean + SD, n = 4 mice, **P < 0.01). 
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To examine this hypothesis, we performed postnatal retinal angiogenesis characterized by a 
PHx in wild-type (WT) and Ang2-deficient mice. chaotic and incomplete vascular plexus (fig. S1) 
Although Ang2-deficient mice showed impaired (17), the mice developed normally and had a 


REPORTS 
similar life span as that of WT mice. Livers of 
Ang?2-deficient mice were normal in size and 
showed the same hierarchical macrovasculature 
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(mean + SD, n = 4 to 6 mice, *P < 0.05, **P < 0.01). (B) Representative images of 
Ki67-positive hepatocytes (brown stained large nuclei). (C) Liver-to-body-weight ra- 
tios of WT and Ang2-deficient mice after PHx (mean + SD, n = 4 to 6 mice, *P < 0.05). 


Fig. 2. Genetic ablation of Ang2 dynamically alters hepatocyte prolif- 
eration during liver regeneration. (A) Quantitation of Ki67-positive pro- 
liferating hepatocytes in liver sections of WT and Ang2-deficient mice after PHx 
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Fig. 3. LSEC-derived Ang2 regulates hepatocyte proliferation indirectly 
by modulating the expression of TGFB1 in LSEC. (A) Primary WT mouse 
hepatocytes were stimulated with different cytokines and the percentage of 
EdU* hepatocytes was determined (mean + SD, n = 3 mice, *P < 0.05) (fig. S7, 
representative images). (B) TGFB1, HGF, HB-EGF, IL-6, and TNFo mRNA 
expression was measured with quantitative PCR of liver lysates 1 day after 
PHx (mean + SD, n = 4 mice, *P < 0.05). (C) TGFB1, HGF, and HB-EGF 
expression was quantified with quantitative PCR of freshly isolated LSEC 
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1 day after PHx (mean + SD, n = 4 mice, *P < 0.05). (D and E) Protein levels 
and phosphorylation states of SMAD, c-MET, and cyclin D1 in liver lysates 
of WT and Ang2-deficient mice were analyzed with immunoblotting. (F) 
Primary WT mouse hepatocytes were stimulated with conditioned medium 
from WT or Ang2-deficient LSECs supplemented with or without TGFB1 
neutralizing antibody, hepatocytes were pulsed with EdU, and the 
percentage of EdU* hepatocytes was determined (mean + SD, n = 4 mice, 
*P < 0.05, **P < 0.01). 
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and microarchitecture of liver sinusoids as seen in 
WT mice (figs. S2 and $3 and movies S1 and S2). 
Two days after PHx at the peak of hepatocyte 
proliferation, liver regeneration in Ang2-deficient 
mice was enhanced as evidenced by significantly 
more Ki67' hepatocytes and larger liver mass as 
compared with that of WT mice (Fig. 2, A to C). 
This pattern of increased hepatocyte proliferation 
was reverted during the angiogenic phase (days 4 
to 8). In contrast to the steady increase of liver mass 
in WT mice, hepatocyte proliferation was lower 
in Ang2-deficient mice during the angiogenic 
phase of liver regeneration (Fig. 2, A to C). Sim- 
ilar results were obtained in WT mice treated with 
Ang?2-neutralizing antibody (fig. S4, A to D). 

To unravel the mechanism of Ang2-regulated 
hepatocyte proliferation, we examined possible 
direct effects of Ang2 on hepatocytes. First, the 
exclusive expression of Ang2 and its receptor 
Tie2 in LSEC was confirmed (figs. S5, A and B, 
and S6A). Next, we directly stimulated hepato- 
cytes with hepatocyte growth factor (HGF) and 
Angz2. In contrast to HGF, which induced strong 
c-Met, AKT, signal transducers and activators of 
transcription 3 (STAT3), c-Jun N-terminal kinase 
(JNK), and extracellular signal-regulated kinase 
(ERK) phosphorylation, Ang2 failed to trigger 
any intrinsic signaling in hepatocytes (fig. S5, C 
and D). Moreover, EdU incorporation revealed 
no direct effect of Ang2 on hepatocyte DNA 
synthesis (Fig. 3A and fig. S7). 

To identify Ang2-regulated LSEC-derived 
hepatotropic cytokines, we performed a candidate- 
based screen of established hepatocyte growth 
factors. Expression of HGF, tumor necrosis factor—o. 
(TNFa), heparin-binding epidermal growth fac- 
tor (EGF)-like growth factor (HB-EGF), and 
interleukin-6 (IL-6) was not altered in livers of 
Ang2-deficient mice | day after PHx. In contrast, 
expression of the potent inhibitor of hepatocyte 
proliferation transforming growth factor-B1 (TGFB1) 
was reduced in Ang2-deficient mice (Fig. 3B). The 
detailed temporal analysis of Ang2 and TGFB1 
expression identified a close relationship between 
Ang2 and TGF! (fig. S8). 

To validate the cellular sources of the ana- 
lyzed cytokines, we examined the differential 
cytokine expression pattern in freshly isolated 
hepatic cells, including hepatocytes, LSECs, 
Kupffer cells, and stellate cells. TGFB1 and HB- 
EGF were predominately expressed by LSECs. 
On the contrary, HGF, IL-6, TGFB2, and TGFB3 
were primarily expressed by stellate cells (fig. S6B) 
(18-21). Consistent with the TGFB1 expression 
in whole liver lysates, TGFB1 expression in LSECs 
of Ang2-deficient mice decreased by 50% compared 
with that of WT LSECs (Fig. 3C). Enzyme-linked 
immunosorbent assay analyses of liver lysates from 
hepatectomized mice similarly showed reduced 
TGF£1 levels in Ang2-deficient mice (fig. S9A). 

TGF£1 controls hepatocyte proliferation by 
binding to its type II receptor (TGFBR2) and 
then recruiting type I receptor (TGFBR1) (22). 
This activates downstream SMAD signaling, 
leading to reduced Cyclin D1 and Cyclin E ex- 


pression and hepatocyte cell cycle arrest (23). 
Although the expression of TGFBR1 and TGFBR2 
was rapidly down-regulated after PHx (fig. S9B) 
(24), their expression was similar in hepatecto- 
mized livers of WT and Ang?2-deficient mice (fig. 
S9C). Corresponding to the reduced TGFB1 in 
Ang?2-deficient mice, SMAD2 and SMAD3 
phosphorylation in liver lysates of Ang2-deficient 
mice was significantly reduced as compared with 
WT mice (Fig. 3D). Serum HGF levels were sim- 
ilar in WT and Ang?2-deficient mice (fig. S10). 
Yet, Ang2-deficient mice showed stronger phos- 
phorylation of c-Met in the liver (Fig. 3E). In line 
with reduced TGFB1-TGFBR activity, Cyclin D1 
expression levels were significantly elevated in 
Ang?2-deficient livers after PHx (Fig. 3E). 

To validate the LSEC-controlled Ang2/TGFB1 
hepatocytes growth regulatory loop, we stimu- 
lated cultured hepatocytes with conditioned 
media from WT or Ang2-deficient LSECs. Hepato- 
cyte exposed to conditioned medium from Ang2- 
deficient LSEC showed significantly higher EdU 
incorporation. Addition of a TGF 1-neutralizing 
antibody further increased EdU incorporation 


(Fig. 3F), validating that Ang2 indirectly reg- 
ulated hepatocyte proliferation by controlling 
LSEC-derived TGFB1 expression. 

In contrast to enhanced liver regeneration in 
Ang?2-deficient mice during the early inductive 
phase (days 0 to 3), liver regeneration was signif- 
icantly impaired in Ang2-deficient mice at later 
stages (days 4 to 8) (Fig. 2A). Cleaved Caspase-3 
staining revealed that hepatocyte apoptosis was 
a rare event during later stages of liver regenera- 
tion (fig. S11). The later angiogenic phase of liver 
regeneration after PHx (days 4 to 8) is charac- 
terized by expansion of the nonparenchymal 
compartment (LSECs, Kupffer cells, and stellate 
cells) at a time when most hepatocyte prolifera- 
tion is completed (5). We consequently hypoth- 
esized that the impaired liver regeneration in 
Ang?2-deficient mice during the later angiogenic 
phase could have resulted from changes in stro- 
mal cell proliferation. Indeed, Ang2-deficient mice 
showed a significant reduction of nonparenchymal 
cell proliferation (fig. S12). To further distinguish 
which nonparenchymal cell population was af- 
fected, mice were pulsed for 2 hours with EdU 4 
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Fig. 4. Ang2 deficiency inhibits LSEC proliferation and contributes to impaired liver regener- 
ation during the angiogenic phase of liver regeneration. (A) Four days after PHx, WT and Ang2- 
deficient mice were pulsed with EdU, and the percentage of proliferating LSEC was quantified (mean + SD, 
n = 3 mice, **P < 0.01). (B) VEGFR2 mRNA of LSECs isolated from WT and Ang2-deficient mice 4 days 
after hepatectomy was quantified with quantitative PCR (mean + SD, n = 3 mice, **P < 0.01). (C and D) 
VEGFR2 levels in control small interfering RNA (siRNA) (si-Ctr)—, Ang2 siRNA (si-Ang2)-, or Tie2 siRNA 
(si-Tie2)—transfected HUVEC were analyzed by means of immunoblotting. (E) Proliferation of si-Ctr— and 
si-Ang2—transfected HUVEC was quantified by means of EdU incorporation assay (mean + SD, n = 3 replicates, 
*P < 0.05, **P < 0.01) (fig. $16, representative images). (F) Migration of HUVEC after Ang2 knockdown was 
evaluated by means of wound healing assay (mean + SD, n = 4 replicates, **P < 0.01) (fig. S17, repre- 
sentative images). (G) Model of endothelial-derived Ang2 function in the control of liver regeneration. 
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days after PHx. Subsequently, nonparenchymal 
cells were isolated, immunostained, and analyzed. 
This analysis revealed that LSEC proliferation 
was dramatically reduced in the absence of Ang2 
(Fig. 4A). Hepatocyte-derived vascular endothe- 
lial growth factor (VEGF) is known to act as a 
potent stimulus for LSEC proliferation (25). How- 
ever, serum VEGF levels were similar in WT and 
Ang2-deficient mice 2 and 4 days after PHx (fig. 
S13). Candidate-based gene expression screen- 
ing revealed that VEGF receptor 2 (VEGFR2) 
expression in LSEC was decreased by 60% in 
Ang2-deficient mice (Fig. 4B). Expression of the 
transcription factor Id1, which acts downstream 
of VEGFR2, was unchanged in the absence of 
Ang? (fig. S14). However, the expression of 
Wnt2, a hepatotropic angiocrine factor whose 
expression is controlled by VEGFR2 signaling (3), 
was markedly reduced in Ang2-deficient LSECs 
during the angiogenic phase (fig. S14). 

We further validated that Ang2 regulated 
VEGFR2 expression in cultured human endo- 
thelial cells (HUVECs). Ang2 silencing signif- 
icantly reduced mRNA and protein levels of 
VEGFR2 (Fig. 4C and fig. SISA). Moreover, Ang2 
overexpression led to increased VEGFR2 expres- 
sion (fig. S15B). Conversely, silencing of the Ang2 
receptor Tie2 increased VEGFR2 expression, in- 
dicating that Ang2-regulated VEGFR2 expres- 
sion was Tie2-dependent (Fig. 4D). In line with 
the Ang2-regulated VEGFR2 expression, 
Ang? silencing not only reduced HUVEC prolif- 
eration but also inhibited HUVEC migration and 
delayed wound closure (Fig. 4, E and F, and figs. 
S16 and S17). Consistently, migration of cultured 
LSEC from Ang?2-deficient mice was similarly 
impaired (fig. S18). 

This study was aimed at elucidating angiocrine 
mechanisms of liver regeneration. After the iden- 
tification of Ang2 as a key vascular-derived reg- 
ulator of liver regeneration, we hypothesized that 
similar paracrine cross-talk mechanisms may be 
operative during chronic liver injury. To study 
this hypothesis, WT and Ang?2-deficient mice 
were treated with CCL4. Chronic liver injury was 
evident by a rough liver surface, collagen depos- 
its, and elevated serum levels of aspartate amino- 
transferase (AST) and alanine aminotransferase 
(ALT) (fig. S19, A, B, and E). Sirtus red and 
cleaved Caspase-3 staining showed similar levels 
of collagen deposits and hepatocyte apoptosis in 
both genotypes (fig. S19, B to D). Serum levels 
of AST, ALT, and alkaline phosphatase (AP) also 
showed no significant differences (fig. S19E). 
Nonetheless, hepatocytes of Ang2-deficient mice 
showed ~2.5 times higher proliferation rates as 
compared with that of hepatocytes of WT mice 
(fig. S19, F and G). 

LSEC-derived Ang2 is required to spatio- 
temporally orchestrate the proliferation of hepato- 
cytes and LSEC to efficiently restore liver structure 
and function after hepatectomy (Fig. 4G): The 
rapid down-regulation of Ang2 after hepatectomy 
regulates hepatocyte proliferation in a paracrine 
(angiocrine) manner by down-regulating LSEC 
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TGFBI production, removing an endogenous 
growth inhibitory mechanism. During the angio- 
genic phase, recovery of Ang2 expression con- 
trols LSEC proliferation by regulating VEGFR2 
expression in an autocrine manner. The dynam- 
ics of these divergent indirect and direct two- 
compartment effects are strictly controlled by the 
temporal regulation of LSEC Ang2 expression 
during liver regeneration (rapid down-regulation 
after hepactectomy and gradual recovery during 
the later angiogenic phase). Previous studies have 
shown that LSECs support liver regeneration in a 
stimulatory manner by secreting hepatotropic cy- 
tokines, including HGF and Wnt2 (3, 9). In this 
study, we establish that LSECs control liver re- 
generation in a much more dynamic manner 
through stimulatory and inhibitory effects. These 
data indicate a general mechanism by which sig- 
nals transmitted from LSECs to hepatocyte play 
critical and rate-limiting roles in orchestrating 
liver regeneration. Collectively, the data shed fun- 
damental insights into the role of the endothelium 
as a gatekeeper and regulator of tissue homeosta- 
sis and regeneration. 


References and Notes 

1. E. Lammert, O. Cleaver, D. Melton, Science 294, 
564-567 (2001). 

2. K. Matsumoto, H. Yoshitomi, J. Rossant, K. S. Zaret, 
Science 294, 559-563 (2001). 

3. B. S. Ding et al., Nature 468, 310-315 (2010). 

4. B.S. Ding et al., Cell 147, 539-553 (2011). 

5. R. Taub, Nat. Rev. Mol. Cell Biol. 5, 836-847 (2004). 

6. S. Hoehme et al., Proc. Natl. Acad. Sci. U.S.A. 107, 
10371-10376 (2010). 

7. G. K. Michalopoulos, Am. J. Pathol. 176, 2-13 (2010). 

8. G. K. Michalopoulos, j. Cell. Physiol. 213, 286-300 (2007). 

9. J. LeCouter et al., Science 299, 890-893 (2003). 

0. C. Daly et al., Cancer Res. 73, 108-118 (2013). 

1. H. G. Augustin, G. Y. Koh, G. Thurston, K. Alitalo, 
Nat. Rev. Mol. Cell Biol. 10, 165-177 (2009). 


REPORTS 


12. U. Fiedler et al., Blood 103, 4150-4156 (2004). 

13. H. Oh et al., J. Biol. Chem. 274, 15732-15739 
(1999). 

14. U. Fiedler et al., Nat. Med. 12, 235-239 (2006). 

15. G. K. Michalopoulos, M. C. DeFrances, Science 276, 
60-66 (1997). 

16. Y. Miyaoka et al., Curr. Biol. 22, 1166-1175 (2012). 

17. N. W. Gale et al., Dev. Cell 3, 411-423 (2002). 

18. J. J. Maher, J. Clin. Invest. 91, 2244-2252 (1993). 

19. E. M. Webber, J. Bruix, R. H. Pierce, N. Fausto, 
Hepatology 28, 1226-1234 (1998). 

20. R. Sun, B. Jaruga, S. Kulkarni, H. Sun, B. Gao, Biochem. 
Biophys. Res. Commun. 338, 1943-1949 (2005). 

21. S. B. Jakowlew et al., Cell Regul. 2, 535-548 (1991). 

22. Y. Shi, J. Massagué, Cell 113, 685-700 (2003). 

23. M. Pibiri et al., FASEB J. 15, 1006-1013 (2001). 

24. R. S. Chari, D. T. Price, S. R. Sue, W. C. Meyers, 
R. L. Jirtle, Am. J. Surg. 169, 126-132 (1995). 

25. E. Taniguchi, S. Sakisaka, K. Matsuo, K. Tanikawa, 
M. Sata, J. Histochem. Cytochem. 49, 121-129 (2001). 


Acknowledgments: We thank G. Thurston (Regeneron, 
Tarrytown, NY) for providing Ang2-deficient mice and 

critical discussions. We also thank A. Budnik and S. Savant 
(DKFZ Heidelberg, Germany) for important discussions and 
comments on the manuscript. We gratefully acknowledge 

the excellent technical support of F. Bestvater and M. Brom 
of the Microscopy Facility, M. Bewerunge-Hudler of the 
Microarray Unit, and the DKFZ laboratory animal core facility. 
This work was supported by grants from the Deutsche 
Forschungsgemeinschaft (SFB-TR23 “Vascular Differentiation,” 
SFB-TR77 “HCC,” and SFB873 “Stem Cell Biology”), the 
DKFZ-MOST Cancer Research Cooperation, and the EU FP7 
“SYSTEMAGE” (all to H.G.A.). H.G.A. is supported by an 
endowed chair from the Aventis Foundation. Microarray data 
were deposited in the Gene Expression Omnibus (GEO) 
database (accession no. GSE50046). 


Supplementary Materials 
www.sciencemag.org/content/343/6169/416/suppVDC1 
Materials and Methods 

Figs. $1 to $20 

Tables S1 to $3 

References (26-29) 

Movies S1 and S2 


19 August 2013; accepted 12 December 2013 
10.1126/science.1244880 


Single B-Actin mRNA Detection in 
Neurons Reveals a Mechanism for 
Regulating Its Translatability 


Adina R. Buxbaum,”? Bin Wu,”? Robert H. Singer’">4* 


The physical manifestation of learning and memory formation in the brain can be expressed by 
strengthening or weakening of synaptic connections through morphological changes. Local actin 
remodeling underlies some forms of plasticity and may be facilitated by local B-actin synthesis, but 
dynamic information is lacking. In this work, we use single-molecule in situ hybridization to 
demonstrate that dendritic B-actin messenger RNA (mRNA) and ribosomes are in a masked, 
neuron-specific form. Chemically induced long-term potentiation prompts transient mRNA 
unmasking, which depends on factors active during synaptic activity. Ribosomes and single B-actin 
mRNA motility increase after stimulation, indicative of release from complexes. Hence, the 
single-molecule assays we developed allow for the quantification of activity-induced unmasking 
and availability for active translation. Further, our work demonstrates that B-actin mRNA and 
ribosomes are in a masked state that is alleviated by stimulation. 


ore than a century ago, Ramon y Cajal 
M postulated that memories could be stored 


by modifying the shape and, conse- 


quently, the strength of synaptic connections be- 
tween neurons (/). In our current understanding 
of leaming and memory formation, synaptic plasticity 
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expressed as activity-induced changes in synapse 
morphology and, subsequently, in signaling strength 
constitutes one of the physical manifestations of 
memory formation (2). In postsynaptic forms of 
plasticity, activity-induced morphological remod- 
eling and enhanced synaptic transmission can be 
specific to a single dendritic spine (3) and can 
require both protein synthesis (4) and increased 
polymerization of the cytoskeletal protein B-actin 
(5). Local protein synthesis provides a mecha- 
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nism of achieving spatial specificity of synaptic 
modification that can persist over time (6). B-actin 
mRNA localization in neuronal dendrites is essential 
for proper dendritic spine structure and abundance 
(7, 8), suggesting that regulation of f-actin protein 
concentration through local translation plays a role 
in synaptic plasticity. 

Because B-actin mRNA is abundant in neu- 
rons (9), mRNAs must be maintained in a repressed 
state in the vicinity of synapses with translation 
factors readily available as needed for local trans- 
lation. Physical sequestration of localized mRNAs 
in large neuronal RNA granule structures may 
serve to repress the mRNAs. RNA granules have 
been described as large, dense, neuronal-specific 
structures composed of ribosomes; mRNAs, in- 
cluding B-actin mRNA; and translation factors 
(10, 11). Putatively, local activity induces granule 
disassembly, spatially restricting translation to 
stimulated synapses (/0, /2). To date, there exists 
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Fig. 1. Synaptic stimulation leads to increased detection of endogenous single fB-actin mRNAs 
in dendrites. Single-molecule FISH of endogenous B-actin mRNAs in (A) unstimulated, (B) cLTP- 
stimulated, and (C) protease-digested cultured hippocampal neurons. Scale bar, 10 um. (D) Histogram of integrated intensities of single B-actin mRNAs in 
dendrites. After cLTP, single mRNAs bind the expected number of probes, although half without stimulation (unstim.) [****P < 0.0001 (cLTP n = 2728 
mRNAs, 25 cells; unstim. n = 665 mRNAs, 19 cells; single FISH probes n = 2131)]. (E) Single B-actin mRNAs per micrometer in dendrites. Fold increase of 
mRNA density along unstimulated to stimulated dendrites (top). From top to bottom in key: n = 26, 97, or 57 dendrites. (F) Single B-actin mRNAs per 
micrometer in dendrites with removal of extracellular calcium (from top to bottom: n = 23, 12, 19, or 7 dendrites). (G) Mean single mRNAs per micrometer in 
the first 50 um of dendrites. cLTP-induced unmasking of mRNA decays with a time constant (t) of 7.3 min (fit: coefficient of determination R? = 0.996). 
Digestion 40 min after cLTP shows no decrease in mRNA, consistent with mRNA repackaging (P = 0.5). Increased mRNA detection is blocked by NMDA 
receptor inhibition (APV) or MEK1/2 inhibition (U0126) (**P < 0.01, ***P = 0.001, ****P < 0.0001; Student's t test). In order from left to right: n = 26, 21, 
21, 35, 47, 44, 32, 31, or 23 dendrites. NS, not significant; dig., digested. Error bars in (E) to (G) denote SEM. 


little evidence that granules regulate mRNA func- 
tionality. With the use of single-molecule imaging 
of endogenous B-actin mRNA and ribosomes, we 
provide evidence that the availability of B-actin 
mRNA to translation factors is transiently regu- 
lated by synaptic activity. 

Single mRNA fluorescent in situ hybridization 
(FISH) analysis provided an absolute quantita- 
tion of dendritic mRNAs in cultured hippocam- 
pal neurons (/3) (fig. S1). Probe hybridization 
efficiency to single molecules was calibrated 
with the brightness of a single probe (/4). By this 
method, we found that dendritic mRNAs bind 
only half of the expected probes (Fig. 1, A and D, 
and fig. S2). However, exposure to chemical 
long-term potentiation (cLTP) induction, known 
to result in enlarged spines (/5), increased probe 
binding to the expected number (11) and doubled 
detection of B-actin mRNAs along dendrites with- 
in 10 to 15 min (Fig. 1, B, D, and E; fig. S2, A and 
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C; and fig. $3). Inefficient mRNA detection sug- 
gested inaccessibility of probes to dendritic mRNA, 
whereas stimulation induces unmasking. In contrast 
to neurons, B-actin mRNAs in glial cells in the 
same field hybridized the expected number of 
probes, irrespective of stimulation (fig. S2B). 
Probes to the B-actin 3’ untranslated region (3’ 
UTR), as well as the open reading frame, 
demonstrated mRNA unmasking (fig. S2, C and 
D). Increased mRNA was not due to transport from 
the soma or transcription (fig. S2, E to G). 

If mRNA was masked by a proteinaceous 
complex, a limited prehybridization proteolytic 
digestion step would be expected to enhance 
mRNA detection. A protease digestion protocol 
was devised (/6) that increased detectable B-actin 
mRNAs in dendrites equivalent to levels after 
stimulation (Fig. 1E). Poly(A) mRNA detection 
in dendrites also increased upon digestion (fig. 


S2H), suggesting that additional mRNAs may be 
masked in neurons. 

To be physiologically regulated, mRNA un- 
masking would require signaling cascades that 
occur during synaptic activity. Inhibition of 
N-methyl-p-aspartate (NMDA) receptor activity 
with 2-amino-5-phosphonopentanoic acid (APV), 
inhibition of MEK 1/2 (mitogen-activated protein 
kinase kinase 1 and 2) with UO-126, or depletion 
of calcium from the extracellular medium pre- 
vented increased mRNA detection during cLTP 
(Fig. 1, F and G), relating mRNA unmasking to 
local metabolic changes that occur during syn- 
aptic plasticity. Detectable dendritic B-actin mRNA 
peaked at 10 min after cLTP and returned to 
baseline within 30 min (Fig. 1G), indicating that the 
default condition is masking. Furthermore, limited 
mRNA availability for translation after cLTP 
could provide for a burst of protein synthesis. 


Because repressive RNA granule complexes 
in neurons are composed of densely packed ribo- 
somes (//), ribosomes may also be unmasked 
during cLTP. Similar to mRNA, cLTP increased 
endogenous ribosomal RNA (rRNA) detection 
along dendrites, as did sample digestion (Fig. 2A 
and fig. S4, A to E). Ribosomal particle inten- 
sities in protease-treated neuronal dendrites were 
nonhomogeneous and contained denser regions 
when compared with glia (fig. S4, F to H). Con- 
sistent with dispersal of ribosomes during unmasking, 
cLTP decreased the abundance of bright dendritic 
rRNA structures (fig. S4, E and I, and fig. SSF). To 
determine whether B-actin mRNA and ribosomes 
may be associated in the same particle as previously 
reported (//, 17), we performed dual-color hybrid- 
ization in protease digested neurons (Fig. 2B). More 
than 30% of B-actin mRNAs colocalized with 
neuron-specific bright ribosomal structures. 
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Fig. 2. Ribosomal complexes obscure B-actin mRNA. (A) Mean endogenous rRNA FISH 
fluorescence along dendrites (from top to bottom in key: n = 49, 30, 52, 92, or 97 
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dendrites). Signal normalized (norm.) to the first point of unstimulated data. Error bars denote SEM. /, intensity; dig., digested. (B) Single B-actin mRNAs and 
bright rRNA puncta often coincide (indicated by arrows). Scale bars, 5 um (upper); 2 um (lower). Numbers indicate magnified regions in bottom row. 
Magnified images were resampled with cubic convolution interpolation. (C) Mean dendritic ribosome signal surrounding mRNAs and total ribosomal signal (n = 
38 dendrites, **P < 0.01; Student's t test). a.u., arbitrary units. (D) Mean dendritic rRNA FISH fluorescence in prefixative triton digested samples. Error bars 
indicate SEM. (E) Spot photoactivation of LLOA-PA-TagRFPt at the site of B-actin mRNA in neurons revealed ribosome structures. Scale bar (inset), 1 pm. (F) In 
glia, L10A diffused away from the activated spot. Scale bar, 10 um. (G) Loss of fluorescent L10A from photoactivated spot (n = 6 glia, 12 neurons). Error bars 
denote SD. 
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Three-color imaging differentiated ribosome 
association with masked and unmasked mRNAs 
(fig. SSA). B-actin mRNAs hybridized with a 
second-color probe after protease digestion 
revealed previously masked mRNAs (about half 
of the total). Masked mRNAs were associated 
with brighter ribosomal puncta, supporting the 
hypothesis that regions rich in ribosomes are part 
of the same masked complex (Fig. 2C and fig. S5, 
B to D). 

Unbound and unmasked molecules should be 
washed away during permeablization of live neu- 
rons. Puromycin eliminated actively translating 
polysomes, followed by detergent extraction and 
fixation (fig. S6A). Large, bright ribosomal puncta 
were retained in dendrites, some containing sin- 
gle B-actin mRNAs; in contrast, glial cytoplasmic 
ribosomal signal was extracted (fig. S6, B to D 
and H). After cLTP in detergent-treated neurons, 
ribosome and B-actin mRNA FISH signal (Fig. 2D 
and fig. S6E) and the size of the optically re- 
constructed ribosomal puncta (fig. S6, F and G) 
decreased by about half, consistent with increased 
dispersal of ribosomes and mRNAs as a result of 
synaptic stimulation. 

Increased ribosomal dispersal due to unmasking 
resulted in increased diffusion of ribosomes and 
mRNAs. To investigate dendritic rRNA dynam- 
ics, we employed spot photoactivation of a ribo- 
somal protein (L10A) fusion. Immobile, bright 
structures surrounded single mRNAs (Fig. 2E). 
Photoactivated ribosome fusions exhibited 
diminished motility in dendrites relative to glial 
cells (Fig. 2G). After cLTP, quantification of 
ribosome dispersal from photoactivated sites re- 
vealed that the immobile ribosome fraction de- 
creased (fig. S7B). Dendritic B-actin mRNAs 
were immobile, with a small portion under- 
going active transport (/8). Upon stimulation, 
immobile mRNAs exhibited corralled diffu- 


sion in their local environment (fig. S7, C and 
D), consistent with degranulation of a complex 
that prevents mRNA from diffusing until syn- 
aptic stimulation. 

In addition to increased mRNA and ribosome 
dynamics, cLTP increased protein synthesis of a 
reporter for B-actin mRNA, consistent with un- 
masking that correlates with increased local 
B-actin translation (fig. S8). The protein FMRP 
has been shown to be a component of RNA 
granules and stalls ribosomes on mRNAs (/9). 
Fimr\ knockout brains exhibit a reduction in the 
postpolysomal fractions (20), suggesting a role 
for Fmr1 in granule integrity. Accordingly, Fmr1 
knockdown in culture decreased the abundance 
of masked B-actin mRNAs (fig. S9, A to C). We 
observed a similar effect in neurons isolated from 
knockout animals lacking the B-actin mRNA 
binding protein ZBP1 (fig. S9D). 

In the model supported by this work, B-actin 
mRNA is present all along dendrites and is kept 
in a dormant state by packaging into inert struc- 
tures ready to be locally activated. During synaptic 
stimulation, downstream effectors of signaling 
pathways locally prompt complex disassembly, 
putatively allowing active translation of mRNAs 
at activated synapses. This could be accomplished 
by regulation of self-aggregating protein motifs 
through posttranslational modifications (2/) facil- 
itating cycles of localized RNA granule formation 
and degranulation, thus making use of the same 
mRNAs repeatedly over time. 
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Visualization of Dynamics of Single 
Endogenous mRNA Labeled in Live Mouse 
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The transcription and transport of messenger RNA (mRNA) are critical steps in regulating the 
spatial and temporal components of gene expression, but it has not been possible to observe 
the dynamics of endogenous mRNA in primary mammalian tissues. We have developed a 
transgenic mouse in which all B-actin mRNA is fluorescently labeled. We found that B-actin mRNA 
in primary fibroblasts localizes predominantly by diffusion and trapping as single mRNAs. In 
cultured neurons and acute brain slices, we found that multiple B-actin mRNAs can assemble 
together, travel by active transport, and disassemble upon depolarization by potassium chloride. 
Imaging of brain slices revealed immediate early induction of B-actin transcription after 
depolarization. Studying endogenous mRNA in live mouse tissues provides insight into its 
dynamic regulation within the context of the cellular and tissue microenvironment. 


ecent advances have provided insights into 
R« behavior of RNA in real time (/). 
owever, most live-cell imaging tech- 

niques require transfection or injection of ex- 


ogenous reporters that are typically overexpressed 
or are missing regulatory elements and binding 
partners present in the endogenous molecules. 
Moreover, immortalized cells may not accurately 


exhibit RNA regulation representative of the na- 
tive tissue environment. 

To address these limitations, we generated a 
transgenic mouse in which all endogenous f-actin 
mRNA is fluorescently labeled by specific binding 
between the MS2 bacteriophage capsid protein 
(MCP) and the MS2 binding site (MBS) RNA 
stem-loops (2). Lentiviral transgenesis (3) was used 
to integrate the MCP-GFP (green fluorescent 
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Fig. 1. Labeled endogenous mRNA in MCPxMBS mouse. (A) Schematic —_ (see supplementary text). N, nucleus; C, cytoplasm; S, soma. Scale bars, 10 um. (D and 
for in vivo RNA labeling. NLS, nuclear localization sequence; HA, hemagglutinin; —_E) Intensity histograms of B-actin mRNPs tracked in primary MEFs (D) and neurons 
pol II, RNA polymerase II. (B and C) Single-particle tracking of GFP-labeled —(E). Red curves show one- and three-component Gaussian fits for (D) and (E), 
B-actin mRNP in primary MEF (B) and hippocampal neuron (C) from mouse. Track —_ respectively. (F and G) Fraction of stationary, corralled, diffusive, and directed B-actin 
classifications: red, stationary; green, corralled; blue, diffusive; purple, directed motion © mRNPs in primary MEFs (F) and neurons (G). Error bars denote SEM (n = 6 cells). 
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Fig. 2. Activity-dependent dynamics of B-actin mRNP in neurons from MCPxMBS mouse. (A and 
B) Examples of B-actin mRNP merge (A) and split (B) events. From top to bottom: initial images of the 
particles, kymographs during a 12-s period, and final images. (C) Ratio of split to merge events 
increased after KCl depolarization (n = 11 neurons from three cultures, 14 to 16 days in vitro; P < 0.05 
by ¢ test). (D) CA1 region in acute hippocampal slice. Scale bar, 50 um. (E) Soma layer of CA1 neurons. 
Panels show maximum projections of x-y, y-z, and x-z planes. Scale bar, 10 um. (F) Transcription of 
B-actin gene with KCl depolarization. Arrowheads denote f-actin transcription sites. Scale bar, 5 um. 
(G) Nascent mRNA per transcription site increased after depolarization (n = 86 sites, brain slices from 
3 mice; P < 0.001 by pairwise ¢ test). Error bars denote SEM. 


protein) transgene with high efficiency (fig. 
$1). The resulting MCP mice were crossed with 
Actb-MBS mice, in which 24 repeats of MBS 
are knocked into the 3’ untranslated region (UTR) 
of the B-actin gene (4), to label endogenous 
B-actin mRNA with GFP, resulting in MCPXMBS 
mice (Fig. 1A). B-Actin mRNA, which is es- 
sential for early embryonic development (5), 
was labeled with the 1200—nucleotide MBS cas- 
sette and up to 48 molecules of MCP-GFP (fig. 
S2A), yet no abnormalities were found by his- 
tologic analysis (n = 3 mice); mice were fertile 
(fig. S2B), and B-actin mRNA and protein ex- 
pression levels were similar to those of wild-type 
mice (fig. S2, C and D). Hence, MS2-GFP label- 
ing of endogenous B-actin mRNA did not dis- 
rupt its function and the expression level in vivo, 
confirming the physiological relevance of the 
studies. 

Localization of B-actin mRNA was observed 
in primary fibroblast leading edges (6), neuronal 
growth cones (7), and mature neuron dendrites 
and spines (8) by fluorescence in situ hybridization 
(FISH). However, it is unclear how B-actin mRNA 
localizes in real time. Because loss of mRNA lo- 
calization occurs in culture, we imaged mouse 
embryonic fibroblasts (MEFs) from MCPXMBS 
mice within 48 hours after isolation (Fig. 1B, 
fig. $3, and movie S1). Individual mRNA-protein 
complex (mRNP) particles were identifiable in 
MCPxMBS cells, unlike the background in MCP 
cells (fig. S2, E and F). Both single-molecule 
FISH and GFP labeling in live cells showed that 
these particles contained only single copies of 
B-actin mRNA (Fig. 1D, fig. S4, and supplemen- 
tary text). The ensemble diffusion coefficient of 
the labeled endogenous B-actin mRNA was 0.09 + 
0.02 ums, similar to a reporter mRNA in a cell 
line (9). However, the movement patterns of 
endogenous mRNA appeared different from those 
of exogenous mRNA. There was less directed 
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motion (~1%) of endogenous mRNA (Fig. 1F 
and fig. S5) than previously reported (22%) (9), 
possibly due to the differences between the en- 
dogenous mRNA and the exogenous reporter, 
or the cell types. Serum-induced localization of 
B-actin mRNA in fibroblasts appears predom- 
inantly mediated by rapid release of stationary 
mRNA and redistribution into discrete cyto- 
plasmic compartments (fig. S6, movies S2 to S5, 
and supplementary text), although we cannot rule 
out short movements driven by nonprocessive 
motors. 

Neuronal RNA transport granules may con- 
tain multiple mRNAs (/0, //). To investigate the 
stoichiometry of B-actin mRNA in hippocampal 
neurons from MCPxMBS mice, we performed 
single-molecule FISH (fig. S7). The intensity 
histograms of diffraction-limited fluorescent spots 
indicated mRNPs containing multiple copies of 
B-actin mRNA in the soma and proximal dendrites 
(fig. S7B), which decreased with distance from 
the soma (fig. S7D). In live neurons (Fig. 1C and 
movie S6), ~25% of mRNPs in proximal dendrites 
contained more than one f-actin mRNA (Fig. 1E). 
Diffusion of mRNPs in neurons was slower [dif- 
fusion coefficient = 3.8 (+0.5) x 1073 um?/s] than 
in fibroblasts, but ~10% of mRNPs were actively 
transported anterograde and retrograde (Fig. 
1G and fig. S8A) with a mean speed of 1.3 um/s 
(fig. S8B). The ratio of anterograde to retrograde 
transport was 1.1 to 1.5 throughout neuronal de- 
velopment in culture (fig. S8C), which may me- 
diate constitutive delivery into dendrites. 

To investigate the activity-dependent dynam- 
ics of B-actin mRNA, we imaged live neurons 
before and after depolarization (60 mM KCI for 3 
to 6 min). Pairwise comparisons in the same 
dendritic regions revealed that there were signif- 
icant increases in the density of the mRNP par- 
ticles after KCI depolarization in both cultured 


neurons (fig. S9) (8) and acute brain slices (fig. 
S10). The diffusion coefficient decreased by a 
factor of 3 (fig. S9D), and particles with directed 
motion decreased in both directions (fig. S9E). 
Therefore, the increase of diffraction-limited spots 
in the dendrite was not due to transport of mRNA 
from the soma. We hypothesized that the number 
of detected spots increased because of the release 
of mRNAs from mRNP complexes upon stimu- 
lation. We quantified the number of B-actin mRNAs 
contained in each neuronal mRNP by particle 
intensity. After KCI depolarization, the number 
of spots containing single 3-actin mRNA increased 
while the number of particles bearing multiple 
mRNAs decreased (fig. S9B and S10B). We 
observed merge and split events of particles 
(Fig. 2, A and B, and movies S7 and S8). Both 
the split and merge frequencies were reduced 
after depolarization, but the ratio of split to merge 
was increased (Fig. 2C). These results suggest that 
mRNA molecules undergo continuous assembly 
and disassembly of large mRNP complexes (/2) 
but favor the released state upon depolarization, 
possibly for local translation (/3, /4). 

We investigated endogenous f-actin gene ex- 
pression in native tissue by imaging acute brain 
slices (Fig. 2D). Transcriptional activity was mon- 
itored in the hippocampus CA1 region at 20 to 
60 um from the surface before and after KCl 
depolarization (Fig. 2E). Nascent B-actin mRNA 
per transcription site increased 10 to 15 min after 
depolarization (Fig. 2, F and G), likely because of 
rapid initiation (/5). Rapid induction of B-actin 
transcription was observed in various cell lines 
(4, 16, 17) but B-actin was not recognized as an 
immediate early gene in the nervous system, 
probably because of high basal expression. In- 
creased expression of B-actin may be implicated 
in transducing synaptic activity into structural 
plasticity. 


The MCPxMBS mouse provides a distinctive 
tool for monitoring the dynamics of single en- 
dogenous mRNA in live mammalian cells and 
tissues. Our results with the B-actin gene suggest 
that the technique could be generally applicable 
to other genes to investigate the effect of the tissue 
microenvironment on single-cell gene expression. 
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The HydG Enzyme Generates an 
Fe(CO),(CN) Synthon in Assembly 
of the FeFe Hydrogenase H-Cluster 


Jon M. Kuchenreuther,** William K. Myers,2* Daniel L. M. Suess,” Troy A. Stich,? Vladimir Pelmenschikov,” 
Stacey A. Shiigi,? Stephen P. Cramer,’“ James R. Swartz,” R. David Britt,’+ Simon J. George’+ 


Three iron-sulfur proteins—HydE, HydF, and HydG—play a key role in the synthesis of the [2Fe],, 
component of the catalytic H-cluster of FeFe hydrogenase. The radical S-adenosyl-.-methionine 
enzyme HydG lyses free tyrosine to produce p-cresol and the CO and CN” ligands of the [2Fel,, 
cluster. Here, we applied stopped-flow Fourier transform infrared and electron-nuclear double 
resonance spectroscopies to probe the formation of HydG-bound Fe-containing species bearing CO 
and CN” ligands with spectroscopic signatures that evolve on the 1- to 1000-second time scale. 
Through study of the **c, *°N, and °’Fe isotopologs of these intermediates and products, we 
identify the final HydG-bound species as an organometallic Fe(CO)2(CN) synthon that is 
ultimately transferred to apohydrogenase to form the [2Fe], component of the H-cluster. 


H, at a 6-Fe catalytic site termed the 


FF: hydrogenase enzymes rapidly evolve 
H-cluster (Fig. 1A) (/—3), which comprises 


a traditional 4Fe-4S subcluster ((4Fe-4S]y), 
produced by canonical Fe-S cluster biosynthesis 
proteins, that is linked via a cysteine bridge to 


a dinuclear Fe subcluster ((2Fe],;) that contains 
unusual ligands. Specifically, the [2Fe], sub- 
cluster possesses two terminal CN ligands, two 
terminal CO ligands, and azadithiolate and CO 
bridges, all of which are thought to be synthesized 
and installed by a set of Fe-S proteins denoted 
HydE, HydF, and HydG. In one recent model 
for the [2Fe],; subcluster bioassembly pathway 
(4, 5), the two radical S-adenosyl-L-methionine 
(SAM) enzymes of the set, HydE and HydG, gen- 
erate the dithiolate moiety and free CO and 
CN , respectively, and these ligands are then trans- 
ferred to a dinuclear Fe precursor bound to HydF, 
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natively, an abiotically synthesized dinuclear Fe 
subcluster, constructed with an azadithiolate bridge 
as well as one CN and two CO ligands per Fe, 


which acts as a scaffold protein for assembling successful in vitro synthesis of the [2Fe]}; com- 
the final [2Fe]}; subunit. Individually expressed ponent of the H-cluster and concurrent activation 
HydE, HydF, and HydG can be combined for of FeFe hydrogenase apoprotein (6, 7). Alter- 


A 


[4Fe-4S], 


C-terminal 
Cluster 


Fig. 1. Ligand synthesis by HydG. (A) The catalytic H-cluster of FeFe hy- 
drogenases. Ball-and-stick representation (from Protein Data Bank entry 3C8Y) 
was generated by using University of California San Francisco Chimera: Fe (brown), 


OH 


S (yellow), C (gray), O (red), and N (blue). H was not shown for simplicity. (B) 
Proposed HydG-catalyzed conversion of 4Fe-4S—bound DHG to an Fe(CO)(CN) 
species concomitant with conversion of 40B" to p-cresol (17). 
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Fig. 2. FTIR spectra. Reactions used 100 uM HydG™ and (2Q)>-Tyr, producing 
®O and “CN ligands, unless indicated otherwise. (A) SF-FTIR spectra measured at 30 
and 1200 s (solid lines) and at 10 s using 800 1M HydG™” (dotted line, plotted at half 
intensity). (B) Time dependence of formation and decay of the following species: 40B" 
determined by EPR spectroscopy, two experimental runs (¢, °) and corresponding 
kinetic fit (dashed line) (17); FTIR data (no kinetic fit) of complex A (red) and complex B 
(blue) determined by the peak heights of their respective v(CO) modes [see (A)]; and 
free CO trapped by myoglobin (green) (fig. $3). Each data set is scaled to unity at its 
maximum value. (C) Comparison of the time dependence of the peak heights of all 
v(CO) and v(CN) bands for complex A and complex B. Complex A red symbols are as 
follows: °, v@3CN); ¢, v73CO). Complex B blue symbols are as follows: °, v?3CN); 


Infrared Energy (cm) 


Infrared Energy (cm”) 


e, v3) 2010 em; +, v(CO) 1960 cm. The data for complex A were taken from 
measurements by using 800 uM HydG™ in order to enhance the signalnoise ratio of 
the v(CN) mode. (D) Table of frequencies for observed IR bands of complexes A and B 
prepared by using Tyr (middle column) or (2Q¢-Tyr (right-most column). (E) SF-FTIR 
spectrum of complex B measured at 900 s and prepared by using a 1:1 mixture of Tyr 
and *cOO-Tyr (top). Average of the “CO and “CO product B spectra (bottom). The 
arrows indicate new bands not present in either the CO or CO spectra of complex B. 
(F) SF-FTIR spectra of complex B measured at 1200 s and prepared by using (“°Q)-°N-Tyr 
(top) and (7Q).Tyr (bottom). Expected CN and CO bands for *°C*?N-containing 
complex B in the absence of v(CN)/v(CO) vibrational mixing (dotted line). Predicted 
band shifts computed simply by the change in the reduced mass. 
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can also be used to activate FeFe hydrogenase 
(8, 9). 

The HydG radical SAM enzyme was pre- 
viously reported to use free L-tyrosine (Tyr) as 
its substrate to generate p-cresol and free CO 
and CN as its products (6, /0—12). Although 
HydG has yet to be crystallographically charac- 
terized, sequence analysis and results from spec- 
troscopic studies indicate that it has two 4Fe-4S 
clusters, each with distinct functions (/3, 14). 
The SAM-binding 4Fe-4S cluster, located near 
the N terminus, reductively cleaves SAM, pro- 
ducing methionine plus a strongly oxidizing 
5'-deoxyadenosyl radical (5’-dA") (/5, 16). The 
second Fe-S cluster, located near the C terminus, 
was implicated as the site of Tyr binding in our 
recent investigation of the HydG reaction mech- 
anism using electron paramagnetic resonance 
(EPR) spectroscopy (/7). Also on the basis of 
EPR spectroscopic results, we proposed that the 
initial 5'-dA° generates a neutral tyrosine radical 
bound to this C-terminal 4Fe-4S cluster, which 
then undergoes heterolytic cleavage at the C.-C, 
bond, forming a 4-oxidobenzyl radical (4OB") 
and cluster-bound dehydroglycine (DHG) (Fig. 
1B) (7). Electron and proton transfer to 40B" 
then yields the p-cresol product concomitant 
with the scission of DHG to form Fe-bound CO 
and CN and water (Fig. 1B). In this report, we 


Fig. 3. Q-band (34.00 GHz, 1.155 T) 
Davies ENDOR spectra of FeFe hy- 
drogenase HydA1 enriched with >’Fe. 
(A) HydA1>”"*: (B) HydA1>”** 4S [plack, 
experiment; red, simulation with AC’Fe) = 
16.0 MHz]; (C) (A) — (B) difference spec- 
trum [black, experiment; red, simulation 
with AC’Fe) = 10.55 MHz]. ENDOR 
simulations used line widths of 0.4 and 
0.65 MHz for [2Fe],, and [4Fe-4S],, com- 
ponents, respectively, with other values 
taken directly from experiment param- 
eters and CW EPR simulations. The ENDOR 
spectrum of natural abundance Fe HydA1 
in the H,, state was subtracted from both 
spectra (A) and (B). a.u., arbitrary units. 


ENDOR Amplitude (a.u.) 


Tyr, SAM, 
reductant 


@-~ 


p-cresol, 
H 20 


Complex A 


explored the subsequent time course of the HydG 
reaction by using stopped-flow Fourier trans- 
form infrared (SF-FTIR) and electron-nuclear dou- 
ble resonance (ENDOR) spectroscopies to follow 
the synthesis of Fe(CO),(CN),, species and track 
them to the completion of the H-cluster bioassem- 
bly pathway. 

SF-FTIR is a useful time-resolved method 
for studying the HydG reaction mechanism be- 
cause CO and CN ligands give rise to strong 
infrared absorption bands with energies and in- 
tensities sensitive to the coordination and electronic 
environment of the bound Fe center. Figure 2 
summarizes SF-FTIR data after the reaction of 
wild-type Shewanella oneidensis HydG (HydG™") 
with excess substrates SAM and '*C-labeled 
Tyr [(°C)o-Tyr] in the presence of the reduc- 
tant sodium dithionite (DTH). Observed bands 
are assigned to stretch vibrations of CO and CN 
ligands on the basis of their energy shifts upon 
"0:8 and '4N:'°N site-specific isotope sub- 
stitution (fig. S2), which was achieved through 
use of the appropriate Tyr isotopologs (6). The 
time evolution of the resultant spectra (Fig. 2, A 
to C) reveals a stepwise conversion of a discrete 
intermediate, which we term complex A, to a 
distinct new species, complex B. Complex A is 
characterized by two bands at 1906 cm | and 
2048 em! [1949 cm and 2093 em | with °C-Tyr 


HydAt*’Fe 


4 6 8 10 12 14 
Frequency (MHz) 


Tyr, SAM, 
reductant 


Sante 


p-cresol, 
CN’, H2O 


Complex B 


(Fig. 2D)], which we assign to stretching modes 
arising from terminal Fe-'*CO and Fe-'7CN 
moieties, respectively. The kinetic profile (Fig. 
2B) shows that complex A accumulates on the 
same time scale as the decay of the previously 
observed 4OB" (17). Hence, the FTIR spectrum 
and formation kinetics of complex A are con- 
sistent with the mechanistic model in Fig. 1B, 
with the first turnover of HydG, SAM, and Tyr 
forming bound CO and CN , presumably on the 
unique Fe site of the C-terminal 4Fe-4S cluster. 
Complex A does not form in the relatively con- 
servative Cys*”4—Ser** (C3948), C397S HydG 
double mutant (HydG***S), which lacks the 
C-terminal cluster (figs. S3 and S4). 

Complex A reaches a maximum concentra- 
tion and starts to decay after about 30 s, concom- 
itant with the appearance and growth of complex 
B. The three bands associated with complex B 
have identical kinetics and may be assigned to 
terminally bound ligands: two high-energy, pre- 
dominately v('CO) modes at 1960 cm | and 
2010 em | and a v('°CN) mode at 2062 cm '. We 
assign the 2010 cm ' band to a predominantly 
v('3CO) mode rather than a v('°CN) mode be- 
cause its energy shifts upon '*C isotopic substi- 
tution at the carboxyl position in Tyr [the moiety 
that gives rise to the CO but not the CN ligands in 
the mature H cluster (fig. S2)] (6). An additional 
band at 1906 cm’ and shoulder at 2048 cm ' 
likely arise from residual complex A. 

A reasonable structure for complex B is a 
cuboidal Fe(CO)2(CN)-[3Fe-4S] species in 
which the unique Fe site is coordinated by the 
three Tyr-derived diatomic ligands. For CO and 
CN ligands that are bound to a single Fe center, 
the v(CO) and v(CN) vibrational modes are ex- 
pected to be strongly coupled. To test for vibrational 
mixing between the two observed v(CO) frequen- 
cies, we generated a 1:2:1 mixture of '*CO”CO-, 
®co8co-, and %COMCO-labeled complex B 
from a 1:1 mixture of natural abundance Tyr and 
3COQO-Tyr. If the two v(CO) modes in complex 
B were not coupled, then the expected resulting 
spectrum would be a simple 1:1 superposition 
of the *CO'?CO and °CO'CO spectra (Fig. 2E, 
lower trace). Instead, the observed spectrum dis- 
played additional, overlapping bands (Fig. 2E, 
upper trace) that can be ascribed to the two 
"COCO-labeled isotopomers with apparent 
CO-stretching frequencies shifted relative to their 


HydE/F? 


[4Fe-4S],-S 


Fig. 4. Schematic for the bioassembly of the FeFe hydrogenase H-cluster via a HydG-synthesized Fe(CO)2(CN) synthon. Pink indicates HydG; 
cyan, the unique Fe site of HydG that is installed into apo HydA1; gray, HydA1. 
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isotopically pure counterparts because of vibra- 
tional mixing of the two fundamental v(CO) modes 
(fig. S6). Similarly, a comparison of spectra gen- 
erated by using (1°C)g-Tyr and (13C)o!SN-Tyr 
(Fig. 2F) shows that '°N substitution produces 
both a smaller than expected energy shift in the 
v(CN) mode as well as an energy shift in the 
higher energy v(CO) mode, indicating that these 
modes are also vibrationally mixed. Taken to- 
gether, these coupling data suggest that all three 
ligands (two CO and one CN ) in complex B 
are bound to a single Fe-center. 

The relatively high energies of the v(CO) modes 
of complex B suggest that it may be appropriately 
modeled as a cationic, low-spin [Fe(II(CO)(CN)]" 
complex based on comparisons with related neu- 
tral, low-spin Fe(II)(CO)(CN) complexes (18, 19). 
The density functional theory (DFT)-calculated 
v(CO) and v(CN) frequencies and intensities of 
[ fac-(H28)3Fe(II)(CO),(CN)]*, a simple model 
for {Fe(ID)(CO)(CN)-[3Fe-4S]}*, show reason- 
able agreement with the observed spectrum of 
complex B (fig. S5 and table S2). Alternative 
structures in which the CO and CN’ ligands are 
not cofacial or in which the sulfur donors are 
replaced with oxygen donors were not found to 
give rise to the expected intensity patterns. In 
addition, the coupling pattem in the '*CO'CO 
isotope mixture (Fig. 2E, top) was only repro- 
duced computationally when the two CO ligands 
have different inherent v(CO) energies, which 
could be explained by the electronic asymmetry 
of the coordinating [3Fe-4S]° subcluster (20) or 
by asymmetry in CO H-bonding interactions. 

The kinetics in Fig. 2B suggest sequential 
conversion of complex A to complex B, which 
we associate with another turnover of HydG act- 
ing on a second substrate Tyr to form an addi- 
tional CO to coordinate the unique Fe center of 
the C-terminal cluster (2/). Unlike the first turn- 
over (17), we have no experimental information 
at this time about how Tyr binds and what in- 
termediates may be involved in this second re- 
action, although we note that our model for 
complex A is coordinatively unsaturated and 
could bind Tyr or a Tyr-derived fragment during 
the second tumover. Only at much longer times 
was free CO detected in solution through its bind- 
ing to exogenous myoglobin (see green trace in 
Fig. 2B and fig. S3), which rules out the binding 
of externally derived CO as part of the mecha- 
nism. The release of free CO is correlated with the 
rise of complex A (Fig. 2B) at a late time (>300 s), 
suggesting that complex B may degrade to com- 
plex A by loss of CO when other H-cluster matu- 
ration components are not available to facilitate its 
incorporation into the proper downstream as- 
sembly products (vide infra). Reports of no lag 
phase in free CO production (/2) may arise from 
alternative chemistry resulting from differences 
in experimental protocols. 

To determine the fate of the Fe-containing 
complex B, we measured the continuous-wave 
(CW) EPR and pulse ENDOR spectra of HydA1 
hydrogenase from Chlamydomonas reinhardtii 


that had been either uniformly or selectively la- 
beled with °’Fe (nuclear spin, /= 1/2). Uniformly 
°7Fe-labeled HydA1 (HydA1°”"*) was generated 
by introducing *’Fe into the growth media for 
HydA1. The Q-band Davies pulse ENDOR (22) 
spectrum of the purified HydA1°”"° poised in the 
Hox State is shown in Fig. 3A. This spectrum was 
obtained at the highest electron g value, g) = 
2.10, where there is no overlap with the EPR signal 
from the CO-inhibited H,,-CO form (fig. 7), and it 
shows several peaks in the 3- to 10-MHz range. 

In order to determine whether Fe from the 
HydG cluster is transferred to the HydA1 hydro- 
genase, we evaluated a sample of HydA1 (that 
we term HydA1°7F° #¥4°) in which the [2Fe] 
subcluster was assembled in vitro (6, 7) by using 
HydE and HydF expressed in natural abundance 
media and HydG expressed in °’Fe-enriched media 
(fig. S1). The corresponding ENDOR spectrum (Fig. 
3B) was well simulated by a single doublet, with 
frequencies v. = A?’Fe)/2 + v,, where AC’Fe) = 
16.0 MHz is the effective hyperfine tensor com- 
ponent at this g; = 2.10 value and vy is the *’Fe 
nuclear Zeeman frequency at this magnetic field. 
We assigned this doublet to the [2Fe],; subcluster, 
because the [4Fe-4S],; subcluster is not labeled 
with °’Fe for this sample. Subtraction of the *’Fe 
ENDOR spectrum of the [2Fe};; subcluster-labeled 
sample from that of the HydA1°”* sample iso- 
lated the °’Fe ENDOR signal that arose from the 
[4Fe4S],, cluster (Fig. 3C). This difference spec- 
trum was well simulated as an ENDOR doublet 
with A?’Fe) = 10.55 MHz. Both A(>’Fe) values 
for HydA1 are consistent with previous ENDOR 
and Méssbauer spectroscopic studies of the Hx 
state of Desulfovibrio vulgaris and Clostridium 
pasteurianum hydrogenases (~16 to 18 MHz for 
the [2Fe],; subcluster and ~8 to 10 MHz for the 
[4Fe4S],, cluster) (23-26), although they differ 
somewhat from those derived from ENDOR data 
for the Desulfovibrio desulfuricans hydrogenase 
(12.4 and 11.1 MHz, respectively) (27). Compar- 
ing the magnitudes of the two AC’Fe) values de- 
termined above confirms that the greatest spin 
density of the H-cluster in the H,, state lies on the 
[2Fe}; subcluster. More importantly, these ENDOR 
data show that Fe in the [2Fe], subcluster of 
the mature H-cluster originates from the HydG 
radical SAM maturase. 

The SF-FTIR and *’Fe ENDOR spectroscopic 
results presented in this report provide further 
insight into the assembly of the [2Fe}, subclus- 
ter of FeFe hydrogenase, illustrated in Fig. 4. 
Prior work demonstrated that the CO and CN © 
ligands of the [2Fe],; subcluster are generated from 
Tyr via HydG. Results from SF-FTIR spectro- 
scopic studies provide evidence for the formation 
of two distinct Fe-bound CO- and CN-containing 
species, complexes A and B, during the HydG 
reaction. Analysis of the vibrational mode cou- 
pling, buttressed by DFT studies on model com- 
plexes, lead us to postulate that complex B is a 
3Fe4S—bound Fe(CO)(CN) species. The >’Fe- 
labeling experiments prove that Fe in the [2Fe], 
subcluster is provided by HydG. It is therefore 
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straightforward to envisage a mechanism wherein 
two complex B units assemble together with a 
dithiolate bridge to form the [2Fe],; subcluster. 
Our proposal for the structure of this deliverable 
species is consistent with all of the available data 
and points to the biologically relevant product of 
the HydG reaction as being an organometallic 
Fe(CO)2(CN) synthon. 
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IFI16 DNA Sensor Is Required for 
Death of Lymphoid CD4 T Cells 


Abortively Infected 


with HIV 
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Nevan J. Krogan,”’2? Warner C. Greene?’?*+ 


The progressive depletion of quiescent “bystander” CD4 T cells, which are nonpermissive to HIV 
infection, is a principal driver of the acquired immunodeficiency syndrome (AIDS). These cells 
undergo abortive infection characterized by the cytosolic accumulation of incomplete HIV reverse 
transcripts. These viral DNAs are sensed by an unidentified host sensor that triggers an innate 
immune response, leading to caspase-1 activation and pyroptosis. Using unbiased proteomic 

and targeted biochemical approaches, as well as two independent methods of lentiviral short 
hairpin RNA—mediated gene knockdown in primary CD4 T cells, we identify interferon-y—inducible 
protein 16 (IFI16) as a host DNA sensor required for CD4 T cell death due to abortive 

HIV infection. These findings provide insights into a key host pathway that plays a central 

role in CD4 T cell depletion during disease progression to AIDS. 


IV-AIDS is a devastating global epidemic 
He over 70 million infections and 


35 million deaths (according to the World 
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Health Organization). AIDS is primarily caused 
by loss of the quiescent “bystander” CD4 T cells 
that populate lymphoid organs. These cells are 
not permissive for viral replication, which re- 
sults in abortive infection and the accumulation 
of incomplete DNA transcripts (/). These cyto- 
solic viral DNAs trigger an innate immune re- 
sponse that activates cell death. Here, we sought 
to identify the host DNA sensor that initiates cell 
death in abortively infected CD4 T cells. 


An unbiased proteomic approach involving 
DNA affinity chromatography and mass spec- 
trometry was used to identify potential viral 
DNA sensor candidates. Cytosolic fractions of 
tonsillar CD4 T cell lysates were incubated with 
a biotinylated 500-base pair (bp) HIV-1 Nef 
DNA fragment and subjected to streptavidin 
immunoprecipitation, SDS—polyacrylamide gel 
electrophoresis (SDS-PAGE), and silver staining 
(Fig. 1A). The Nef region is reverse-transcribed 
early; thus, this DNA reverse-transcription product 
is likely present during abortive HIV infection. 
Streptavidin immunoprecipitation samples incu- 
bated with biotinylated HIV DNA showed nu- 
merous bands (Fig. 1A). Nonspecific background 
binding was very low: Protein was not detected 
when nonbiotinylated DNA was tested. The cy- 
tosolic lysates appeared free of nuclear contam- 
ination, as immunoblotting showed no histone 
H3 (Fig. 1B). Mass spectrometry was used to 
identify cytosolic proteins from the tonsillar 
CD4 T cells that bound to HIV DNA. The top 
six hits, based on protein discriminant scores 
(27), correspond to Ku80, PARP-1, Ku70, RPA-1, 
interferon-y—inducible protein 16 (IFI16), and 
interferon-inducible protein X (IFIX) (Fig. 1C) 
(see data file S1 for the complete list). 

A rational approach to investigating biolog- 
ically relevant DNA sensor candidates was pur- 
sued in parallel. Expression of various known 
innate immune sensors was assessed by immuno- 
blotting cytosolic lysates from resting tonsillar CD4 
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T cells, which confirmed the presence of IFI16 
(2, 3); AIM2 (4-7); DAI (8); STING (9-17); DNPK-1 
(12); NLRP3 (/3-/5); and IFIX (PYHIN-1) 
(/6) (Fig. 1D). Cyclic guanosine monophosphate— 
adenosine monophosphate synthase (cGAS) 
(17, 18) was detected neither at the protein level 
in tonsillar CD4 T cells (fig. S1D) nor in the af- 
finity chromatography—mass spectrometry experi- 
ments (data file S1). We were intrigued with IFI16 
because it was identified in both approaches and 
shown to form an inflammasome (3, /6). Of the 
known inflammasome DNA sensors, IFI16, but 
not AIM2, bound HIV-1 DNA (Fig. 1D). Because 
AIM2 binds DNA in a non—-sequence-specific 
manner, we had expected that AIM2 would be a 
top candidate, but it was not identified by mass 
spectrometry (data file $1). IFI16 mRNA levels 
are five times those of AIM2 mRNA in resting 
tonsillar CD4 T cells (fig. S1A). Of note, all three 
IFI16 isoforms were detected in the cytosol and 
nucleus of primary tonsillar CD4 T cells (fig. S1B). 

Reverse transcription of the HIV RNA ge- 
nome initially generates single-stranded DNA 
(ssDNA) and then double-stranded DNA (dsDNA); 
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either might be sensed during abortive infection. 
A biotinylated dsDNA probe was incubated with 
cytosolic extracts from tonsillar CD4 T cells with 
10-fold excess of unlabeled ssDNA as a com- 
petitor (Fig. 1E). IFI16 effectively bound dsDNA 
(Fig. 1F) as described (2, 79) and was in com- 
petition with “cold” ssDNA. Biotinylated ssDNA 
was subjected to binding and competition with 
cold dsDNA, but IFI16 was not initially detected 
by immunoblotting. However, further analysis 
with higher protein input confirmed that IFI16 
binds to ssDNA, albeit more weakly than to 
dsDNA (Fig. 1G). Retinoic acid—inducible gene 
I (RIG-J selectively bound dsRNA as a control 
(Fig. 1, F and G). 

Standard methods, including liposome-mediated 
delivery of small interfering RNAs (siRNAs) or 
infection with vesicular stomatitis virus glycopro- 
tein (VSVG)-pseudotyped lentiviruses encoding 
short hairpin RNAs (shRNAs) are ineffective for 
targeted gene knockdown in resting CD4 T cells 
(20, 21). siRNA nucleofection is highly variable, 
often toxic, and associated with extensive cell death 
in tonsillar cultures. To overcome these challenges 
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and to test whether specific DNA sensor candidates 
are required for cell death in primary lymphoid 
CD4 T cells undergoing abortive HIV infection, 
we used an “activation-rest” strategy. Splenic CD4 
T cells were activated with phytohemagglutinin 
(PHA) and cultured in 100 U/ml of interleukin-2 
(IL-2), which rendered cells permissive for infec- 
tion with VSVG-pseudotyped lentiviruses en- 
coding shRNA and mCherry. mCherry-positive 
cells were isolated by cell sorting (fig. S2), ex- 
panded by two rounds of activation with beads 
conjugated with antibodies against CD3 and 
CD28, and then rested by reducing IL-2 levels 
to 10 U/ml for 3 to 4 days (22). IFI16 protein ex- 
pression was markedly decreased in the mCherry- 
positive splenic CD4 T cells receiving the lentivirus 
encoding shIFI16-A compared with cells receiving 
the lentivirus encoding the control scramble shRNA 
(Fig. 2A). Next, the rested mCherry-positive CD4* 
T cells were cocultured with tonsil or spleen CD4 
T cells infected with a green fluorescent protein— 
HIV (HIV-GFP) reporter virus (NLENG1). In cells 
expressing the scramble shRNA, marked deple- 
tion of CD4 T cells occurred (Fig. 2B); this death 
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Fig. 2. IFI16 shRNA knockdown rescues activated and rested splenic 
CD4 T cells from depletion after abortive HIV infection. (A) Western 
blot analysis of IFI16 and B-actin expression in shRNA-expressing mCherry- 
positive CD4* T cells after activation and rest in reduced IL-2. (B) Flow cy- 
tometric analysis of mCherry* CD4* T cell survival after knockdown with 
shSCR (scramble shRNA) or shIFI16-A and coculture with either donor- 
matched mCherry” CD4* T cells or tonsillar HLACs spinoculated with an 


HIV-1—GFP reporter virus. Cells were cocultured in the presence or absence 
of 100 nM efavirenz or with uninfected cells. Data represent the average 
of three independent experiments from three different donors. Error bars, 
SEM; *P < 0.05 (Student's ¢ test); n.s., not significant, P > 0.05. (C) Flow 
cytometric analysis of CD25 and CD69 expression after IL-2 reduction. (D) 
Flow cytometric analysis of mCherry* GFP* populations in shRNA-expressing 
spleen cells post coculture. 
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was rescued by adding a nonnucleoside reverse- 
transcriptase inhibitor, efavirenz (EFV), which 
implicates abortive HIV infection as previously 
described (/). In sharp contrast, introduction of 
shIFI16-A resulted in survival of the mCherry- 
positive CD4" T cells. In the same experiments, 
mCherry-negative CD4" T cells were markedly de- 
pleted, which suggested that they had returned 
to a sufficient state of rest to undergo abortive 
infection. 

To exclude more formally the possibility that the 
“activated and rested” CD4 T cells were dying as a 
result of productive infection, we assessed the 
activation status of these cells. Flow cytometric 
analysis revealed that CD4 T cells cultured in re- 
duced concentrations of IL-2 had lower levels of 
CD25 and CD69 than cells activated with 100 U/ml 
IL-2 and 10 ug/ml PHA (Fig. 2C). However, CD25 
levels were higher than found in unactivated cells, 
which indicated that these cells had not fully 
retumed to a resting state. This finding likely relates 
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in part to the up-regulation of CD25 expression 
by IL-2 (23). To directly test how permissive these 
cells were to productive HIV infection, we utilized 
an HIV-1—GFP reporter virus. In cells express- 
ing shScramble or shIFI16-A, only ~1 to 2% of 
the mCherry-positive cells and ~1 to 2% of 
mCherry-negative cells were productively infected, 
as indicated by GFP expression (Fig. 2D). Thus, 
the 60 to 70% depletion of CD4 T cells observed 
was not due to high levels of productive viral 
infection. 

To confirm IFI16 as an HIV-1 DNA sensor 
and to test a broader array of potential candidates, 
we used a second, more rapid shRNA knock- 
down strategy. Virus-like particles (VLPs) were 
packaged with the simian immunodeficiency virus 
(SIV) accessory protein Vpx that degrades the 
SAMHD1 restriction factor and renders cells sus- 
ceptible to lentiviral infection (24, 25). This meth- 
od was adapted for use in resting CD4 T cells 
on the basis of prior success in cells of myeloid 
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origin (26, 27). Twenty-four hours after VLP- 
Vpx spinoculation, complete tonsillar HLACs 
were spinoculated with shRNA-mCherry lenti- 
viral vectors pseudotyped with HIV glycoprotein 
160 (gp160) envelope protein (Env) (fig. S3) (28). 
Cells were cocultured 3 days later with human 
embryonic kidney (HEK) 293T cells producing 
or not producing HIV-1 virions. CD4 T cell death 
was assessed | or 2 days later in mCherry-positive 
CD4" T cells expressing the shRNA and mCherry- 
negative CD4" T cells lacking the shRNA. In 
parallel, EFV was added to select wells. 

Three independent shRNAs targeting IFI16 
reduced IFI16 protein expression in mCherry- 
positive CD4" T cells compared to the shScramble 
control (Fig. 3, A and C). All three IFI16 shRNAs 
prevented depletion of mCherry-positive CD4" T 
cells, whereas shScramble did not (Fig. 3, B and 
D). EFV rescued depletion of scramble-shRNA— 
expressing cells, which supported the notion that 
the CD4 T cell depletion resulted from abortive 
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Fig. 3. shRNA knockdown of IFI16 rescues HIV-induced tonsillar CD4 
T cell depletion. (A) Western blot analysis of IFI16 and B-actin expres- 
sion in mCherry* tonsillar CD4 T cells receiving shScramble (shSCR), shIFI16-A, 
or shIFI16-B. (B) Quantification of flow cytometry of HLACs infected with 
VLP-Vpx, followed by shSCR, shIFI16-A, or shlFI16-B lentiviruses pseudo- 
typed with HIV gp160 Env then cocultured with HEK293T cells produc- 
ing HIV-1. **P < 0.01 (Student's f test); n.s., not significant, P > 0.05. (C) 
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Western blot analysis of shIFI16-C knockdown. (D) Quantification of flow 
cytometry results as in (B). ***P < 0.001. (E) Quantification of mCherry* 
gate of HLACs treated as in (B) with single-round HIV-1AEnv pseudotyped 
with gp160 envelope or HIV-1 D116N integrase mutant. **P < 0.01, *P < 
0.05. (F) Flow cytometric analysis of FLICA-660 caspase-1 and IFN-B intra- 
cellular staining in mCherry* cells. Histograms are representative of results 
obtained from two donors. 
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infection (Fig. 3B). Moreover, mCherry-negative 
CD4" T cells were depleted regardless of the shRNA, 
which demonstrated that experimental conditions 
were sufficient for abortive infection in all infected 
samples (Fig. 3, B and D). Thus, using an inde- 
pendent method for shRNA knockdown, we con- 
firmed that IFI16 is required for lymphoid CD4 T 
cell depletion by HIV after abortive HIV infection. 

To confirm that shScramble mCherry-positive 
CD4 T cells die via abortive infection, which re- 
quires reverse transcription but not integration 
(J), cells were cocultured with HEK293T cells 
to produce single-round HIV-1 (AEnv with gp160 
coexpressed) or HIV containing a disabling in- 
tegrase mutation, D116N, in which aspartic acid 
at codon 116 is replaced by asparagine (Fig. 3E). 
These replication-defective, nonspreading viruses 
induced depletion of mCherry-positive CD4 T 
cells expressing shScramble. In contrast, intro- 
duction of shIFI16-A rescued cells from HIV-1— 
mediated depletion. Thus, neither productive 
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donors. Error bars, SEM. (H) Summary model. 


infection nor HIV integration is required for cell 
death. Knockdown of IFI16 decreased caspase-1 
activation in the mCherry-positive cells, whereas 
interferon-8 (IFN-B) was induced in HIV-infected 
cells with the shScramble control but not in cells 
expressing shIFI16-A (Fig. 3F). These findings 
suggest that IFI16 is required to sense incom- 
plete DNA reverse transcripts that accumulate 
in abortively infected cells; their accumulation 
leads to caspase-1 activation, which results in the 
subsequent death of these cells via pyroptosis 
(29). IFI16 sensing also leads to IFN-B induction. 

Although IFI16 shRNAs effectively rescued 
death of lymphoid CD4 T cells during abortive 
infection, other DNA sensor candidates were also 
evaluated. The VLP-Vpx method was used to 
render resting lymphoid CD4 T cells permissive 
to infection with lentiviruses encoding shRNAs 
directed against AIM2 and STING. Although 
effective in inhibiting expression of AIM2 and 
STING protein in human (THP-1 cells) (Fig. 4A), 
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neither of these shRNAs rescued the mCherry- 
positive cells from depletion (Fig. 4B). Validated 
shRNAs targeting IFIX (Fig. 4C) or DNPK-1 
(Fig. 4E) also did not rescue mCherry-positive 
CD4 T cell depletion (Fig. 4, D and F). Moreover, 
small-molecule inhibitors of DNPK-1, Nu7026, 
and Nu7441 (/2) did not rescue cells from abort- 
ive infection and pyroptosis (Fig. 4G). These 
findings, and a recent publication, suggest that 
DNPK-1 may play a role in DNA sensing only 
within the small fraction of cells (5% in tonsil) 
that are permissive for productive HIV infec- 
tion and trigger noninflammatory apoptosis (/2). 
In contrast, IFI16 appears to be required to detect 
abortive infection and induction of highly inflam- 
matory pyroptosis in nonpermissive CD4 T cells 
(Fig. 4H). These cells form the majority of HIV-1 
cellular targets in most lymphoid tissues (95% in 
tonsillar cultures). Both mechanisms likely con- 
tribute to HIV-l4induced AIDS, but at different 
frequencies determined by the number of permissive 
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Fig. 4. VLP-Vpx—facilitated shRNA knockdown of other 
candidate DNA sensors does not rescue cells from 
depletion after abortive HIV infection. (A) Western blot 
analysis of AIM2, STING, and heat shock protein 90 (HSP90) 
in shRNA expressing mCherry* THP-1 cells. (B) Quantification 
of flow cytometry results for HLACs infected with shScramble 
x (shSCR) shAIM2, or shSTING. n.s., not significant, P > 0.1 
a (Student's t test). (C) Western blot analysis of IFIX in mCherry* 
iG SupT1 cells. (D) Quantification of flow cytometric analysis 
as in (B) of shSCR and shIFIX. (E) Western blot analysis of 


DNPK-1 in shRNA expressing mCherry* Jurkat T cells. (F) 
Flow cytometric analysis as in (B) with shDNPK-1. (G) 
Carboxyfluorescein succinimidyl ester (CFSE)—labeled HLACs were pretreated with dimethyl sulfoxide (DMSO) alone in uninfected and no drug 
conditions, 10 or 20 uM Nu7026, or 1 or 2 uM Nu7441, or 250 nM AMD3100. CFSE* cells were cocultured with donor-matched HLACs productively 
infected with HIV and analyzed 3 days post coculture. Quantified data represent the average of three independent experiments from three different 
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versus nonpermissive cellular targets residing within 
various lymphoid tissues. 

IFI16 evolved as an antiviral DNA sensor 
(2, 3). In addition, IFI16 exerts novel antiviral ac- 
tivity, including restriction of herpesvirus repli- 
cation by inhibiting viral gene expression (30). 
That IFI16 is targeted for degradation by herpes- 
viruses (3/) further highlights an evolutionary 
pressure to counteract its activity. Our studies re- 
veal that IFI16 initiates an innate immune response 
that, rather than protecting the host, drives the 
debilitating CD4 T cell depletion that underlies 
progression to AIDS in untreated HIV-infected 
individuals. The cycle of abortive infection, in- 
flammatory death, and recruitment of new cells 
likely explains how this innate host response is 
undermined and, in fact, centrally contributes to 
HIV pathogenesis. Our findings now identify IFI16 
as a critical DNA sensor required for cell death during 
abortive HIV-1 infection. Therapies directed against 
this host death pathway might preserve CD4 T cells 
and reduce chronic inflammation—two signature 
pathologies in HIV infection. 
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Adaptation of Innate Lymphoid 
Cells to a Micronutrient Deficiency 
Promotes Type 2 Barrier Immunity 
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How the immune system adapts to malnutrition to sustain immunity at barrier surfaces, such 

as the intestine, remains unclear. Vitamin A deficiency is one of the most common micronutrient 
deficiencies and is associated with profound defects in adaptive immunity. Here, we found that 
type 3 innate lymphoid cells (ILC3s) are severely diminished in vitamin A—deficient settings, 
which results in compromised immunity to acute bacterial infection. However, vitamin A 
deprivation paradoxically resulted in dramatic expansion of interleukin-13 (IL-13)—producing 
ILC2s and resistance to nematode infection in mice, which revealed that ILCs are primary sensors 
of dietary stress. Further, these data indicate that, during malnutrition, a switch to innate 

type 2 immunity may represent a powerful adaptation of the immune system to promote host 


survival in the face of ongoing barrier challenges. 


aintenance of barrier defense is an ab- 

solute requirement for mammalian host 

health and survival. Intestinal immu- 
nity has evolved in the context of constitutive 
exposure to microbial pressures. In this regard, 
the gastrointestinal (GI) tract is home to an es- 
timated 100 trillion commensals, and more than 
2 billion humans are chronically infected with par- 
asitic worms (/, 2). Over the course of evolution, 
maintenance of barrier immunity had to adapt 
to unstable nutritional availability in the face of 


these ongoing challenges. Although dietary lig- 
ands can be sensed by immune cells (3-6), it is 
not clear how the immune system integrates die- 
tary cues in order to tune immune responses on 
the basis of the nutritional state of the host. 
Malnutrition remains the primary cause of 
immunosuppression worldwide (7). Nonethe- 
less, despite profoundly impaired adaptive im- 
munity associated with malnutrition, most humans 
can survive for extended periods of severe die- 
tary restriction. We postulated that compensatory 


mechanisms might be in place to sustain de- 
fined branches of immunity and, in particular, 
responses associated with the protection of bar- 
rier tissues. Vitamin A deficiency is one of the 
most common nutrient deficiencies, affecting an 
estimated 250 million children in regions of the 
world where chronic worm infections are prev- 
alent (8). This essential micronutrient supports 
adaptive immunity through its metabolite, retinoic 
acid (RA), which is highly enriched in the gas- 
trointestinal tract (9, 70). Here, we examine the 
possibility that innate lymphoid cells (ILCs)— 
potent mediators of barrier maintenance, tissue 
repair, and host defense (//, /2)—may be primary 
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Fig. 1. ILC3s are enriched in the GI tract and depend on RA. (A) Flow cytometric analysis of cells 
isolated from small intestinal lamina propria (gut), lung, and skin of naive C57BL/6 mice. (Top) Live 
CD45+ cells stained with Thy1.2 and lineage (lin) markers (NK1.1, T cell receptors TCRB and TCRy6, 
CD11b, CD11c, CD4, CD80, CD88, CD19, GR-1, DX5, and Ter119). (Bottom) Cells gated on Lin” and 
Thy1.2 expression (ILCs), stained for RORyt (ILC3s) and GATA3 (ILC2s). (B) Frequencies of ILC2s and 
ILC3s in gut, lung, and skin. (C) Small intestinal lamina propria (SiLP) cells from control (Ctrl) or 
vitamin A—insufficient (VAI) WT or RagI” mice, gated on Lin” Thy1.2* cells and analyzed for GATA3 
and ROR}t expression. (D and E) Total numbers of ILC3s (RORyt*) and ILC2 (GATA3*) cells in the SiLP 
of WT and RagI” mice. (F) Intracellular IL-13 and IL-22 expression in Lin” Thy1.2* cells after 
stimulation with phorbol 12-myristate 13-acetate (PMA) and ionomycin. (G and H) Total numbers of 
IL-22— and IL-13—producing ILCs in the SiLP. (I) SiLP ILC2s and ILC3s from Ragi* mice treated with 
vehicle control (Veh) or RAi for 8 days. (J) Intracellular IL-13 and IL-22 expression in ILCs after stim- 
ulation with PMA and ionomycin. Results are representative of at least three independent experiments 
with three to five mice in each experimental group. All graphs display means + SEM. 


sensors of dietary stress able to sustain barrier 
defense in the context of vitamin A deficiency. 

Several subsets of ILCs have been described, 
with two dominant tissue-resident populations 
(/2). At steady state, retinoic acid receptor (RAR)- 
related orphan receptor gamma (RORyt’ ILCs) 
(ILC3s) are dominantly present in the gut, 
whereas the majority of ILCs residing in the 
lung or skin belong to the GATA3* ILC2 subset 
(/1, 13, 14) (Fig. 1, A and B). We explored the 
possibility that vitamin A metabolites may act 
as a local cue to control ILC populations. As 
previously described, T helper cells, Ty1 and 
Ty17 U5, 16), as well as Ty2 cells, were sig- 
nificantly reduced in the gut of vitamin A—deficient 
(VAI) mice (fig. S1, A and B). The number of 
gut resident ILCs, ILC1s, and lymphoid tissue 
inducer cells (LTi’s) remained unchanged in VAI 
mice (fig. S2, A to D). However, ILC3s and ILC- 
derived IL-22 and IL-17 were greatly reduced in 
VAI wild-type (WT) and Rag! mice (Fig. 1, C 
to H, and figs. S3 and S4). Impaired cytokine 
expression was associated with reduced expression 
of RORyt (fig. S4B). In contrast, we observed a 
significant increase in ILC2- and ILC-derived 
IL-13, IL-5, and IL-4 in the gut of VAI mice (Fig. 1, 
F, G, and H, and fig. S5, A and B). 

Acute inhibition of RA signaling with the pan- 
RAR inhibitor BMS493 (RAj) (/7) also resulted 
in reduced ILC3s and [LC-derived IL-22 and 
inversely increased ILC2s and ILC-derived IL- 
13 in both WT and Rag!’ mice (Fig. 1, I and J, 
and fig. S6, A to D). Alterations in ILC subsets 
subsequent to RA deprivation occurred indepen- 
dently of commensals (fig. S7). Short-term treat- 
ment of VAI Rag!” mice with RA restored ILC3 
frequencies and cytokine production to levels 
found in control mice and reduced ILC2 numbers 
(Fig. 2, A to C). VAI Rag mice or mice treated 
with RAi displayed lower frequencies of Ki67- 
expressing ILC3s than control mice, whereas the 
number of Ki67-expressing ILC2s was greatly 
increased (Fig. 2, D and E). Conversely, addi- 
tion of RA reversed the proliferative potential 
of ILCs to frequencies observed in control mice 
(Fig. 2D). Thus, RA acts as a switch to control a 
proliferative balance between the two intestinal 
ILC subsets. 

To address whether RA signaling influenced 
the fate of ILCs, we transferred common lym- 
phoid progenitors (CLPs) to mice devoid of ILCs 
(Rag2‘ yc’ mice) (2). Transferred CLPs gave 
rise to both ILC2s and ILC3s that accumulated in 
the GI tract (18, 19) (Fig. 2, F and G). Exogenous 
delivery of RA led to a dominant accumulation of 
ILC3s in the intestine, whereas inhibition of RA 
signaling favored ILC2 accumulation (Fig. 2, F 
and G). Both ILC2s and ILC3s selectively express 
the nuclear receptor RARo: (20) (fig. S8). We retro- 
virally transfected progenitors with lymphoid po- 
tential obtained from mice carrying WT or floxed 
alleles of the RARo. gene (RARo”") with the Cre 
recombinase (fig. S9). Transfer of control progen- 
itors resulted in the preferential accumulation of ILC3s, 
whereas RARa-deleted progenitors predominately 
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gave rise to ILC2s (Fig. 2H). Further, addition of 
RA impaired ILC2 development from ILC2 pro- 
genitors (ILC2Ps), whereas inhibition of RA signaling 
resulted in increased ILC2 accumulation and 
IL-13 production in culture (Fig. 21). These re- 
sults reveal a cell-intrinsic suppressive role for 
RA on ILC2 maturation. 

We next postulated that some effects of RA 
may result from a direct action on mature ILCs. 
Highly purified ILC2s exposed to RA or ILC3s 
treated with RAi for several days maintained their 
phenotype; therefore, we argue against an inter- 
conversion of these two populations (fig. S10, A 


to D). As previously reported, RA directly in- 
creased IL-22 (20) and RORyt expression by 
mature ILC3s and promoted ILC3 accumulation 
(fig. S11, A to D). Conversely, RA had a negative 
impact on ILC2 fitness, whereas treatment with 
RAi increased their proliferation, numbers, and 
IL-13 production in both mouse (fig. $12, A to 
C) and human cells (fig. $13). 

We next explored the possibility that vitamin 
A deficiency may tune the responsiveness of 
ILC2s to factors contributing to their survival or 
proliferation (//, /2). Using mice deficient in 
IL-25, thymic stromal lymphopoietin (TSLP), 


or IL-33 receptors allowed us to exclude a dom- 
inant role for these factors (figs. S14 and S15). Of 
note, expression of the IL-7Ra, required for ILC 
development and survival (//, 12), was reduced 
on ILC2s and ILC2Ps in the presence of RA, 
whereas the absence of RA signaling increased 
IL-7Ra expression by murine ILC2s and ILC2Ps, 
as well as human ILC2s (fig. S16, A to E). In- 
creased IL7Ra expression conferred enhanced sig- 
naling capacity in response to IL-7 as measured by 
increased signal transducer and activator of tran- 
scription 5 (STATS) phosphorylation (fig. S16F). 
Blockade of IL-7 signaling in vivo abrogated 
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Fig. 2. RA dynamically regulates developmental balance between ILC subsets. SiLP cells from Ctrl and VAI or VY Vv 
VAI Rag1~ mice treated with all-trans RA every 3 days for 12 days (VAI + RA). (A) GATA3 and RORyt expression in Lin ee” e 


Thy1.2* cells (top). Intracellular IL-13 and IL-22 expression in Lin” Thy1.2* cells after stimulation with PMA and 


ionomycin (bottom). (B) Total numbers of ILC3s and ILC2s in SiLP and (C) total numbers of IL-22— and IL-13—producing 

ILCs in the SiLP. (D) Frequencies of Ki67 expression in ILC3s and ILC2s isolated from SiLp of Ctrl, VAI, or VAI +RA Rag1~ mice. (E) SiLP cells from Rag1” mice 
treated with RAi or Veh for 8 days stained for intracellular Ki67 in ILC3s (top) cells and ILC2 (bottom). (F) CD45.1* CLPs (n = 100,000) were transferred into 
congenic CD45.2* Rag. yee mice and treated either with Veh, RA, or RAi. Fourteen days after transfer, SiLP cells were isolated, stained for GATA3 and RORyt, 
and gated on CD45.1*, Lin” and Thy1.2* cells. (G) Quantification of relative proportion of ILC3s and ILC2s in recipient mice and (H) frequencies of ILC2s and 
ILC3s from RARo“ mice. Transferred cells were gated on green fluorescent protein—positive (GFP*) cells. (I) ILC2Ps were sort purified from bone marrow and 
cultured in vitro with IL-7 and SCF in the presence of Veh, RA, and RAi for 7 days. Total numbers of Thy1.2* GATA3* cells (left) and IL-13 production in the culture 
supernatant (right). (J) Ki67 expression in small intestinal ILC2s from mice treated with RAi or Veh and antibody against IL7o.. (K) Total number of Ki67* ILC2s 
and (L) total number of ILC2s. Data are representative of three (A to G) or two (H to L) independent experiments with three or four mice in each experimental 
group or at least two independent experiments with three experimental groups of cells isolated from two mice each (1). (G) displays pooled data from three 
independent experiments. All graphs display means + SEM. 
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the increase in proliferation and accumulation of 
ILC2s after RA inhibition but not in control 
mice (Fig. 2, J to L, and fig. S17). Together these 
results demonstrate that vitamin A deficiency is 
associated with altered ILC homeostasis and, in 
particular, increased IL-13—producing ILC2s, 
an effect potentially mediated by increased IL-7 
responsiveness. 

A corollary of our findings is that differen- 
tial levels of vitamin A could promote different 
classes of barrier immunity with physiological 
levels of vitamin A associated with functional 
ILC3 responses, whereas reduced levels were as- 
sociated with enhanced innate type 2 immuni- 
ty. Indeed, both WT VAI mice and mice treated 
with RAi displayed enhanced susceptibility and 
pathology to Citrobacter rodentium compared 
with control mice (Fig. 3, A and B), a phenotype 
associated with impaired Ty17 and ILC3 re- 
sponses (Fig. 3, C and D, and fig. S18, A to E). 
Treatment with RAi of Ragl~* ~ mice, in which 
ILCs are the dominant source of IL-22 (2/), dra- 
matically increased pathology and mortality 
after infection (Fig. 3, E to I), an effect reversed 
by exogenous delivery of IL-22 (Fig. 3, J and 


Survival (%) 


oo 
Q 


K). This observation may provide an additional 
explanation for the profound susceptibility to 
gastrointestinal bacterial infections observed 
in children suffering from vitamin A deficiency 
(22, 23). 

Our results, thus far, predict that although 
Tyl, Ty17, and ILC3 collapse under vitamin A 
deficiency, type 2 immunity might be paradoxi- 
cally augmented via an enhanced ILC2 response. 
In support of this, withdrawal of vitamin A height- 
ened mucus production (/5). Goblet cells play a 
central role in barrier protection by the secretion 
of mucus and antimicrobial peptides (24). Con- 
sistent with increased ILC2s observed in the ab- 
sence of vitamin A, VAI Rag/ ~~ mice displayed 
significant goblet cell hyperplasia and increased 
goblet cell-associated expression of the RELM-B 
gene, Reinlb, an effect largely dependent upon 
IL-13 (Fig. 4, A, B, and C). In these settings, IL-13 
production was predominantly ILC2-derived 
(fig. S19). We next addressed whether enhanced 
ILC2 responses could compensate for the defect 
in Ty2 immunity during vitamin A deficiency 
(25-29). To this end, we used a high dose of 
Trichuris muris eggs associated with T}42 induc- 
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tion (30). Although blocking RA impaired Ty2 
induction, ILC2 numbers were significantly in- 
creased compared with those in infected control 
mice (fig. S20, A and B). Remarkably, RAi- 
treated mice controlled parasite burden compa- 
rably to control mice, which supports the idea 
that ILC2s sustained worm control (fig. S20C). 
Further, both VAI and RAi-treated mice showed 
enhanced protection to physiological low-dose 
T. muris, a response associated with significant 
increase in the numbers of ILC2s and IL-13- 
producing ILCs (Fig. 4, D to H and fig. S21, A and 
B). In agreement with the role of IL-13 in 7. muris 
control (37), accelerated worm clearance was 
critically dependent on this cytokine (Fig. 4G). 
We next assessed the role of ILC2s in mediating 
worm expulsion independently of adaptive im- 
munity. Remarkably, VAI Rag“ mice displayed 
enhanced protection and reduced worm burden 
associated with substantial increase in ILC2 
numbers and IL-13 production (Fig. 4, H, I, and 
J). Thus, vitamin A insufficiency leads to sus- 
tained and, in some cases, augmented control 
of nematode infection via the promotion of 
ILC2-dependent type 2 immunity. 
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Fig. 3. Vitamin A deficiency results in impaired immunity to 
bacterial infections. WT (A to D) and Rag1” (E to K) mice treated with 
Veh or RAi were infected with C. rodentium. (A) Percentile change of 
original body weight and frequency of surviving animals and (B) colon 


Lumen 


IL-17A 


length of WT mice treated with RAi or Veh. (C) Large intestine lamina 


propria (LiLP) cells isolated from Veh or RAi-treated WT mice 10 days after infection with C. rodentium, gated on 
CD4* and TCRB* cells and analyzed for RORyt (top) and IL-22 expression (bottom). (D) Total numbers of RORyt* 
and IL-22* CD4* T cells. (E) Percentile change of original body weight and frequency of surviving Rag1” mice 0 5 


Ctrl 
4 VAI 
© VAI +IL-22 


10 15 


treated with Veh or RAi and infected with C. rodentium. (F) Colon length and (G) representative hematoxylin and 

eosin (H&E)—stained histological sections of colonic tissue analyzed 10 days post infection; scale bars, 200 um. (H) LILP ILC2s and ILC3s from Veh or RAi-treated 
Rag1~ mice 10 days after infection with C. rodentium (top) and intracellular IL-17A and IL-22 expression in ILCs after stimulation with PMA and ionomycin 
(bottom). (1) Total numbers of RORyt-expressing ILCs and total numbers of IL-22—producing ILCs per colon. (J) Weight loss of Ctrl, VAI, or VAI Rag1~” mice 
treated with IL-22 (VAI+IL-22) and infected with C. rodentium. (K) Colon length analyzed 14 days post infection. Data represent at least two independent 
experiments with three to five mice in each experimental group. All graphs display means + SEM. 
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Fig. 4. Vitamin A deficiency increases ILC2-mediated immunity to 
helminth infections. (A) Small-intestine histologic sections of Ctrl, VAI, or VAI 0 0 
Rag1* mice treated with antibody against IL-13 (VAl+clL-13) stained with dS eS 
ow ae 


periodic acid-Schiff (PAS) to visualize goblet cells; scale bars, 200 um. (B) Total 

numbers of PAS-positive goblet cells per crypt and (C) Retnlb (RELM-B) gene 

expression in the small intestine of Ctrl, VAI, or VAl+alL-13 Ragl* mice. (D) 
Lamina propria ILC2s and ILC3s isolated from the cecum of Ctrl or VAI WT mice 13 days 
after oral infection with 7. muris (top) and intracellular IL-13 and IL-22 expression in 
ILCs after stimulation with PMA and ionomycin (bottom). (E) Total numbers of ILC2s 
and (F) total numbers of IL-13—producing ILCs in the cecum. (G) Worm burden in 
the cecum of Veh, RAi, RAi-treated IL-137 (RAi IL-13~), and RAi mice treated with 
neutralizing antibody against IL-13 (RAi cilL-13) 12 days after infection. (H) Number 


of worms in Ctrl and VAi RagZ” mice 12 days after infection and (1) intracellular 
GATA3 and RORyt (top) and IL-13 and IL-22 expression (bottom) in cecal ILCs. (J) 
Total numbers of ILC2s and IL-13* ILCs in the cecum of 7. muris—infected mice. 
Data represent at least two (A and B and H to J) or three (D to G) independent 
experiments with three to five mice in each experimental group. Data in (G) Veh 
and RAi is pooled from three experiments, RAi cilL-13 and RAi IL-13~ represent 
one experiment each. All graphs display means + SEM. 


Our work suggests that vitamin A and its me- 
tabolite RA function together as a dietary alarm 
signal that allows the host to immunologically 
respond to its nutritional state. Contrary to the 
current paradigm, we show that nutrient deficien- 
cy is not associated with global immunosuppression 
but rather can selectively activate a distinct arm 
of barrier immunity. Notably, we found that ILC2s 
act as primary sensors of dietary stress able to 
compensate for the collapse of adaptive immuni- 
ty in settings of nutrient deprivation. Type 2 im- 
munity and, in particular, IL-13 are associated 
with tissue repair, increased mucus production, 
and physiological responses all aimed at reinforc- 
ing barrier integrity and defense (32, 33). Further- 
more, enhanced type 2 responses are clearly 
beneficial in the context of exposure to worms 
that have been partners throughout human evo- 
lution and still represent the major form of par- 
asitic infection worldwide. Because nematodes 
compete with the host for nutritional resources, 
reinforcement of antihelminth immunity can also 
provide a substantial advantage to the host. Thus, 
in settings of malnutrition, a rapid switch to type 2 
barrier immunity imposed by vitamin A deficien- 
cy may represent a powerful adaptation of the 
immune system to transiently promote host sur- 
vival in the face of dominant barrier exposures. 


Such a strategy leaves the host vulnerable to po- 
tential encounters with acute diarrheal pathogens 
but could provide a survival strategy to tem- 
porarily reduce the pressure from its constitutive 
evolutionary partners, worms and commensals, in 
settings of nutritional deprivation. 
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Transmissable Dog Cancer Genome 
Reveals the Origin and History of 
an Ancient Cell Lineage 


Elizabeth P. Murchison,"2*t David C. Wedge,?* Ludmil B. Alexandrov,’ Beiyuan Fu,? 
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Canine transmissible venereal tumor (CTVT) is the oldest known somatic cell lineage. It is a 
transmissible cancer that propagates naturally in dogs. We sequenced the genomes of two 

CTVT tumors and found that CTVT has acquired 1.9 million somatic substitution mutations and 
bears evidence of exposure to ultraviolet light. CTVT is remarkably stable and lacks subclonal 
heterogeneity despite thousands of rearrangements, copy-number changes, and retrotransposon 
insertions. More than 10,000 genes carry nonsynonymous variants, and 646 genes have been lost. 
CIVT first arose in a dog with low genomic heterozygosity that may have lived about 11,000 years 
ago. The cancer spawned by this individual dispersed across continents about 500 years ago. 
Our results provide a genetic identikit of an ancient dog and demonstrate the robustness of 
mammalian somatic cells to survive for millennia despite a massive mutation burden. 


anine transmissible venereal tumor (CTVT) 

is a naturally occurring transmissible can- 

cer. It is a clonal cell lineage that spreads 
within the domestic dog population by the al- 
logeneic transfer of living cancer cells, usually 
during coitus. The disease manifests itself with 
the appearance of tumors most often associated 
with the external genitalia of male and female 
dogs. The first known report of CTVT was made 
in 1810, when it was described by a London vet- 
erinary practitioner as “‘an ulcerous state, accom- 
panied with a fungous excrescence” that arises in 
“organs concerned in generation” (/). It has sub- 
sequently been reported in dog populations world- 
wide (2, 3) and is, to our knowledge, the oldest 
and most widely disseminated cancer in the nat- 
ural world. 
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We sequenced the genomes of two CTVT 
tumors, collected in Maningrida, Australia (24T), 
and Franca, Brazil (79T), as well as the genomes 
of their respective hosts 24H, an Aboriginal 
camp dog, and 79H, an American cocker spaniel 
(Fig. 1A). We also prepared metaphases for cyto- 
genetic analysis from two CTVTs collected in 
Cape Verde and Italy. Metaphase fluorescence in 
situ hybridization (FISH) using red fox chromo- 
somes as probes revealed massive karyotypic 
rearrangement in the CTVT genome, which was 
highly consistent between the two tumors ana- 
lyzed (Fig. 1B). Despite the aneuploidy in CTVT 
detected by using cytogenetics, a copy-number 
analysis revealed that the genome is largely dip- 
loid [including a large proportion of the genome 
that is diploid with loss of heterozygosity (LOH)] 
and that there has been minimal change in copy- 
number status in 24T and 79T lineages since their 
divergence (Fig. 1C and tables S1 and 82). In 
contrast to human tumors, most of which contain 
several detectable subclones (4), presumably be- 
cause of positive selection for newly acquired 
mutations conferring selective advantage (5), we 
found no evidence for subclonality in CTVT 
metaphases or copy-number plots. This suggests 
that CTVT is not undergoing positive selection 
at high frequency, possibly indicating that it is 
well adapted to its niche. 

CTVT’s massive burden of karyotypic abnor- 
malities despite its largely diploid genomic copy 
number indicates that the genome has undergone 
large-scale copy neutral structural rearrangement. 
We found 2118 candidate somatic structural var- 


iants that were shared between 24T and 79T and 
216 and 72 candidate somatic structural variants 
in 24T and 79T, respectively, that were unique to 
one tumor. We also searched for evidence of 
transposon mobilization in CTVT. We found 348 
and 352 transposon insertions (involving both 
long interspersed nuclear elements and short in- 
terspersed nuclear elements) that were unique to 
24T and 79T, respectively, and are thus likely to 
represent somatic retrotransposition events that 
occurred after the divergence of 24T and 79T. 
We identified 3.04 million substitution vari- 
ants in 24T and 2.77 million in 79T after re- 
moving all single-nucleotide polymorphisms 
(SNPs) known to segregate in the dog or the 
wolf germ line (including those identified in 
24H or 79H). These variants will include somatic 
mutations as well as SNPs that have not been 
captured in previous canine sequencing efforts. 
We estimated the true number of somatic sub- 
stitution mutations in CTVT by calculating the 
ratio of homozygous to heterozygous known 
SNPs in diploid regions that retain both paren- 
tal chromosomes. Assuming that all homozygous 
variants in these regions are SNPs, we were able 
to estimate the number of unannotated hetero- 
zygous SNPs in each diploid segment by using 
the homozygous-to-heterozygous ratio among 
annotated SNPs. This analysis indicated that at 
least 65% of unannotated variants in CTVT are 
likely to be somatic, corresponding to a total of 
~1.9 million somatic mutations in CTVT. A total 
of 103,667 and 109,119 variants were unique to 
24T and 79T, respectively, the majority of which 
probably arose as somatic mutations after the two 
tumors’ divergence because only 2056 and 5647, 
respectively, of these occur in regions that have 
been lost in the other tumor. Although a range of 
total mutation counts is observed in human can- 
cers, the majority have between 1000 and 5000 
somatic single-base-substitution mutations (6). 
Thus, CTVT has acquired several hundred times 
more somatic mutations than most human cancers. 
To ascertain the processes responsible for 
the mutations in CTVT, we characterized CTVT’s 
mutational spectrum and searched for known mu- 
tational signatures (6) in the CTVT genomes. 
The CTVT mutation spectrum was dominated 
by C>T (or G>A) mutations and CC>TT (or 
GG>AA) dinucleotide mutations (Fig. 2, A and 
B). Four mutational signatures were identified 
in CTVT (labeled A to D, Fig. 2C), which were 
sufficient to explain 98% of the mutations in 
CTVT (0.96 Pearson correlation between the 
mutation set observed in CTVT and the muta- 
tion set reconstructed by using four mutational 
signatures). The chemical events associated with 
some of these mutational signatures have been 


www.sciencemag.org SCIENCE VOL 343 24 JANUARY 2014 


437 


438 


Wl REPORTS 


characterized. Signature A is associated with 
germline SNPs, and its contribution to CTVT 
variant sets probably reflects incomplete removal 
of germline-inherited variants. Signature B de- 
fines the mutational signature characterized by 
C>T at CpG dinucleotides that is widely found in 
human cancers and known to be correlated with 
patient age (6). Signature C [known as signature 


@/9T 


5 in (6)] is also frequently present in a spectrum 
of human cancers; however, its etiology is un- 
known (6). Signature D, which is characterized 
by C>T and CC>TT mutations and in humans is 
predominantly observed in cancers of the skin 
and known to be associated with exposure to 
ultraviolet light (6), explains 42% of the mutations 
in CTVT. These observations suggest that CTVT 


24T@ 
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has been exposed at a low level to ultraviolet light 
during its evolution. Although CTVT tumors 
usually occur inside the genital orifice, they may 
be exposed to sunlight when they protrude from 
the vulva, ulcerate through preputial skin, or oc- 
cur on external surfaces such as the skin or con- 
junctiva (for example, see 24T and 79T, Fig. 1A). 
Furthermore, it is the very cells that are exposed 
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Fig. 1. CTVT tumors, karyotypes, and copy number. (A) Samples se- 
quenced in this study. Both tumor (24T, 79T) and host (24H, 79H) DNA was 
sequenced from the two individuals shown. (B) Multiplex FISH using red fox 
probes to investigate karyotypes of a normal female dog (left) and CTVTs 
collected in Cape Verde (center) and Italy (right). (C) CTVT genomic copy 


number for 24T (top) and 79T (bottom). Red and blue points represent total 
copy number and minor copy number (i.e., copy number of the allele present 
in fewer copies), respectively, calculated by using normalized read counts at 
each of 2,544,508 SNP loci. Chromosomes are represented by horizontal 
alternating black and gray bars. 
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on the surface of a tumor that are most likely 
to propagate the CTVT lineage by passage to 
new hosts. 

More than 10,000 genes (10,955 in 24T and 
10,546 in 79T) in CTVT carry at least one non- 
synonymous substitution variant that is not a 
known germline SNP. Table S3 lists those genes 
that we consider to be the highest-confidence 
driver mutations in CTVT. These include a known 
rearrangement involving MYC (7), a homozygous 
deletion of CDKN2A, a hemizygous nonsense 
mutation in SETD2, and a rearrangement involv- 
ing ERG that creates a potential in-frame NEKI- 
ERG fusion gene. A census of genes that have 
been lost in CTVT by homozygous deletion or 
hemizygous nonsense mutation indicated that 
at least 646 genes, 2.8% of the 22,874 protein- 
coding genes annotated in the dog genome, are 
collectively dispensable for survival and pro- 
liferation of a somatic cell (table S4). 

We next sought to reconstruct the phenotype 
of the CTVT founder animal and to estimate the 
age of the cancer that it spawned by using the 
variants found in the CTVT genome. We com- 
pared the genotypes of 24T and 79T as well as 
24H and 79H at 23,782 polymorphic SNP loci 
with those of 1106 previously genotyped dogs, 
wolves, and coyotes (8, 9). The result, displayed 
by using principal components analysis (Fig. 3A), 
indicates that the CTVT founder animal was likely 
to have been a dog belonging to one of the an- 
cient breeds [previous analyses were unable to 
distinguish between a wolf or an ancient-breed 
dog origin (/0)]. Analysis of a pairwise distance 
tree indicated that, of the 86 breeds included in 
the analysis (9), the CTVT founder animal clus- 
ters most closely with Alaskan malamutes and 


huskies (11 Alaskan malamutes have >95% prob- 
ability after resampling genotypes of having one 
of the 16 genotypes closest to CTVT) (Fig. 3B 
and table S5). As expected, 79H clustered most 
closely with cocker spaniels within the modern 
breeds (>95% probability after resampling that 
each of the six closest genotypes are English 
cocker spaniels) (Fig. 3, A and B, and table S5). 
Host 24H, an Aboriginal camp dog, appears to 
have genetic contributions from both ancient and 
modern breeds (Fig. 3, A and B, and table S5). 

Recent studies have mapped several loci con- 
ferring canine phenotypic features, such as coat 
color, morphology, and behavior (//—2/). We 
examined the sequence of CTVT at a number of 
these loci to determine the likely phenotype of 
the founder animal (table S6). Our analysis indi- 
cated that the founder animal was likely to have 
been of medium or large size with an agouti or 
solid black coat. It carried a mixture of wolflike 
and doglike alleles at loci that have been linked to 
dog domestication (2/). Tumors 24T and 79T 
each carried a single X chromosome and had no 
evidence of a Y chromosome, as found in a pre- 
vious analysis (22). This is consistent with either 
a male (after somatic Y chromosome loss) or a fe- 
male (after somatic X chromosome loss) founder 
animal (Fig. 3C). Analysis of genome-wide het- 
erozygosity indicated that the founder animal was 
relatively inbred (Fig. 3D). 

Previous studies have estimated that CTVT is 
between 200 and 70,000 years old (0, 23). We 
sought to clarify the age of CTVT by using the 
mutations associated with mutational signature B 
(Fig. 2C), which is correlated with patient age at 
diagnosis in many human cancer types (6, 24). 
We estimated that 492,533 mutations in CTVT are 
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likely to have been caused by this mutational pro- 
cess. By using the mutation rate of signature B in 
human medulloblastoma as a molecular clock 
[43.3 mutations of this signature genome-wide 
per year; we chose medulloblastoma because it is 
the human cancer with the closest correlation be- 
tween number of mutations of this signature and 
patient age (6)], we estimate that CTVT may have 
first arisen about 11,368 years ago (lower and upper 
confidence intervals are 10,179 and 12,873 years, 
respectively). There is uncertainty in this estimate 
introduced by the possibilities that the accumula- 
tion of mutations of this signature is not clocklike in 
CTVT and that there are tissue- or species-specific 
differences in the rate of mutation accumulation 
between CTVT and human medulloblastoma. 
Applying this molecular clock to the mutations 
that occurred after divergence of the two tumors, 
we suggest that the most recent common an- 
cestor of 24T and 79T may have existed about 
460 years ago (458.2 years for 24T, 459.8 years 
for 79T) (Fig. 3E). We note that the estimated 
timing of this divergence coincides with the era 
of rapid human global exploration. 

The founder animal whose somatic cells first 
gave rise to CTVT was an ancient-breed dog that 
may have lived about 11,000 years ago. The date 
of CTVT emergence, together with the structure 
of its phylogenetic tree (23) and evidence for 
both wolflike and doglike alleles at loci associ- 
ated with domestication, is consistent with the 
possibility that CTVT may have first arisen with- 
in a genetically isolated population of early dogs 
whose limited genetic diversity facilitated the 
cancer’s escape from its hosts’ immune systems. 
Similarly, the Tasmanian devil facial tumor dis- 
ease, the only other known naturally occurring 


Fig. 2. CTVT mutations. Analyses A @ 70 Cc “ 
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the mutation with the lower chro- 
mosome coordinate, and the sec- 
ond base is immediately adjacent 
to the first base on the same strand. 
The strand is displayed relative to 
the pyrimidine context of the first 
base. A total of 3518 dinucleotide 
mutations were included in the 
analysis. (C) The proportion of muta- 
tions in CIVT explained by mutational 
signatures A to D. 
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Fig. 3. Tracing the CTVT founder 
animal. (A) Principal components (PCs) 
analysis of 1106 wolves, dogs, and 
coyotes using genotypes at 23,782 
polymorphic SNP loci (8, 9). Each in- 
dividual is represented by a single 
colored dot, and positions of CTVT 
(inferred from the genotypes of 24T 
and 797), 24H, and 79H are indicated. 
Breeds were classified as modern or 
ancient according to (27). (B) Posi- 
tions of CTVT (left), 24H (center), and 
79H (right) on pairwise distance tree 
comparing genotypes at 23,782 SNP 
loci with 1106 other dogs, wolves, and 
coyotes (8, 9). Only the closest breeds 
to CIVT, 24H, and 79H are shown. 
Breeds containing members that most 
strongly clustered with CTVT and 79H 
after genotype resampling are marked 
with red text and asterisks (see table 
S5; 24H did not cluster strongly with 
individuals from any single breed). NGSD, 
New Guinea singing dog. (C) Sex chro- 
mosome copy number of 24H (a female 
dog), 79H (a male dog), 24T, and 79T 
determined by counting the number of 
reads aligning to X and Y chromosomes 
and normalized to 79H. Y chromosome 
reads in 79T are likely to be derived 
from contaminating host DNA. (D) 
Proportion of annotated SNP loci in 
germline diploid regions that are het- 
erozygous in 24H, 79H, 24T, and 79T. (E) 
Timeline for CTVT origin and divergence. 
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clonally transmissible cancer, arose in an island 
population with low genetic diversity (25, 26). 
Populations with limited genetic diversity may 
be particularly susceptible to the emergence and 
spread of transmissible cancers. 

The CTVT genome has illuminated the ori- 
gins, history, and evolution of the world’s oldest 
known cancer. It is remarkable that a somatic 
genome whose DNA would normally have sur- 
vived for no more than 15 years during the life of 
one dog has continued to exist for several millen- 
nia as a parasitic life form. CTVT’s survival and 
global dominance are a testament to the ability of 
the mammalian somatic cell genome to adapt to 
and persist in a new ecological niche. 
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First come, first served (apply now!). Late applications will be accepted on a space available basis. 


NEW ENGLAND 


payment deadline: Three weeks following receipt of your email acceptance letter. ° b 
® 
1ioLa AY Inc. 


www.neb.com 


OuYPOXIA CHAMBER 


products. 
Plas-labs 

For info: 517-372-7177 | www.plas-labs.com 
sl 


HARDWARE AUTO FOCUS AND CLEANROOM KIT 

A new Hardware Auto Focus and Cleanroom Kit for the Axio Imager Vario 
microscope system is now available. An integratable autofocus system en- 
sures fast and precise focusing. The Hardware Auto Focus is ideal for surface 
inspections on reflective, low-contrast samples. In transmitted and reflect- 
ed light, the focus system ensures high precision down to 0.3 of the depth of 
field of the objective lens. The sensor registers changes to the focus position 
and automatically and quickly compensates for any deviations via direct ac- 
cess to the z drive of the microscope. As a result, even large samples such 
as monitors and solar panels in xy direction remain constantly in the focus 
of the observer. Axio Imager Vario is certified for cleanroom use in accor- 
dance with DIN EN ISO 14644-1 and, with the cleanroom kit, fulfills the 
requirements of ISO 5. 
Carl Zeiss 

For info: 914-681-7782 | www.zeiss.com/micro 

BACTERIAL CULTURE GROWTH SYSTEMS 

The EnPresso B range of reagent-based growth systems for bacterial cul- 
tures has been developed to address common challenges with bacterial 
growth such as insufficient yield, quality problems, and poor protein solu- 
bility or low activity. EnPresso B, EnPresso B Animal-free, and EnPresso 
B Defined Nitrogen-free can be used to significantly increase the yield of 
®N-labeled proteins for NMR analysis. For ease of use, the products are 
supplied as pre-sterilized tablets, which are simply added to sterile, filtered 
water. Optimized protocols enable researchers to go from pre-culture to 
harvest within two days, using standard lab equipment such as shake flasks 
or 24 deep-well plates. The EnPresso B range incorporates EnBase tech- 
nology which offers a novel approach to control the feeding, and thereby 
growth rate, of microbial cultures. A glucose-releasing agent breaks down 
long chains of polysaccharides, releasing glucose units to feed the microbes. 
As well as glucose, EnPresso tablets provide other key elements to support 
growth and control pH. 

BioSilta 


For info: 760-889-0982 | www.biosilta.com 


The new 856-HYPO Hypoxia Chamber from Plas-Labs is ideal for tissue culture work, includ- 
ing tumor cell research and stem cell research in hypoxic conditions. It features a color operated 
touchscreen display for automatically controlling and monitoring oxygen levels, temperature 
levels, and carbon dioxide levels. The 856-HYPO includes an easy-to-read 8” touchscreen moni- 
tor, inert gas hook-up, ethernet port connection for data logging, thermoelectric assembly, and 
password protection. The oxygen range is 0%—25% and the carbon dioxide range is O%—20%. 
The 856-HYPO Hypoxia Chamber also includes the standard two-year warranty for Plas-Labs’ 


TISSUE SAMPLE FREEZING 

Two easy-to-use devices designed for the fast freezing of tissue samples and 
specimens are now available. Ideal for enzyme studies, the Histology Bath 
features a -60°C (-76°F) working temperature that freezes tissue samples 
quickly, preventing microscopic ice crystals from developing and samples 
from distorting. With its flat, -34°C (-30°F) surface, the Histology Freeze 
Plate enables histotechnicians to observe tissue freezing directly and keep 
specimen edges flat when preparing samples for examination. The Histol- 
ogy Bath has a 1 L stainless steel reservoir and includes an immersion basket 
and chuck for the easy submersion and retrieval of samples. The bath work 
area measures 10.2 cm in diameter by 10.2 cm deep (4 x 4 inches). The 
unit is available for either 120V, 60Hz or 240V, 50Hz operation. The Histol- 
ogy Freeze Plate features a 877 cm’ (136 in’) working surface that accom- 
modates multiple samples simultaneously and has been shown to reduce 
overall sample processing time by 40% or more. 

Polyscience 


For info: 800-229-7569 | www.polyscience.com 


BIOLUMINESCENT ASSAY 

A non-horseradish peroxidase (HRP)-dependent, plate-based biolumines- 
cent assay for detecting reactive oxygen species (ROS), ROS-Glo H,O, 
Assay is designed to specifically detect hydrogen peroxide (H,O,) in both 
enzyme and cell-based applications. The ROS-Glo H,O, Assay measures the 
activity of enzymes that generate or eliminate H,O,, and possesses many 
benefits over other commercially available assays for small molecule screen- 
ing, including low false hit rate, signal stability, and compatibility with liq- 
uid handling. The assay can also be used to measure changes in the level 
of ROS by directly detecting H,O, in cultured mammalian cells after two 
reagent additions, with no cell sample preparation required, reducing vari- 
ability and the number of cells required. Due to the bioluminescent format 
and high sensitivity, ROS-Glo H,O, Assay can be multiplexed with a variety 
of other cell-based assays to gain additional data from a sample. 

Promega 


For info: 608-274-4330 | www.promega.com/rosglo 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organiza- 
tions are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of 
any products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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Science 
Translational 
Medicine 


Integrating Science, Engineering, and Medicine 


wcicnce 
ranslational 
Medicine 


Publishing results that harness the 
basic sciences to advance human 
health in all areas of medicine 


Submit your research 
ScienceTranslationalMedicine.org 


Recommend to your library 
ScienceOnline.org/recommend 


Join the ranks of high-profile papers 
published in Science Translational Medicine: 


NEUROLOGY 

A Theoretically Based Index of Consciousness 
Independent of Sensory Processing and Behavior 

A. G. Casali et al. (M. Massimini), Sci. Transl. Med. 5 198ra105 (2013) 


IMMUNOLOGY 

TGF Receptor Mutations Impose a Strong 
Predisposition for Human Allergic Disease 

PA. Frischmeyer-Guerrerio et al. (H. Dietz), Sci. Transl. Med. 5 195ra94 
(2013) 

BIOENGINEERING 

A Human Disease Model of Drug Toxicity-Induced 
Pulmonary Edema in a Lung-on-a-Chip Microdevice 

D. Huh ef al. (D. Ingber), Sci. Transl. Med. 5 159ra147 (2012) 


CANCER 

Genome-Wide Mutational Signatures of Aristolochic 
Acid and its Application as a Screening Tool 

S.L. Poon et al. (B. T. Teh), Sci. Transl. Med. 5 197ra101 (2013) 
Tissue ENGINEERING 

Human Cartilage Repair with a Photoreactive 
Adhesive-Hydrogel Composite 

B. Sharma et al. (J.J. Elisseeff), Sci. Transl. Med. 5 167 ra6 (2013) 


Chief Scientific Advisors 


Elazer Edelman, M.D., Ph.D. 
Massachusetts Institute of Technology 


Garret FitzGerald, M.D. 
University of Pennsylvania 
Editor 


Katrina L. Kelner, Ph.D. 
AAAS, Washington, DC 


scitranslmededitors@aaas.org 
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Reliable. Trusted. Proven. 


Matt, Director of Products, 
has been at CST for over 11 
years and is one of the origi 
Phospho-Akt produc ists. 


The reliability of CST” 
Phospho-Akt antibodies is 
proven by peer-reviewed 
publications, and supported 
by 13 years of Akt expertise. 


Learn more about Akt signaling with our 
updated PI3 Kinase/Akt Signaling Pathway 
Poster and Akt Substrates Guide. To request 


exces © YOUr Copy of each, please visit our website. 4999 (Lot 4) 2007 (Lot 9) 2013 (Lot 13) 


Western blot analysis of extracts from NIH/3T3 cells treated with PDGF, using Phospho-Akt (Ser473) Antibody #9271. 


www.cellsignal.com /aktguide 


ia Cell Signaling 


© 2013 Cell Signaling Technology, Inc. CST™ and Cell Signaling Technology® are trademarks of Cell Signaling Technology, Inc. TECHNOLOGY® 
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Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 
Phone: 202-326-6577 


Marci Gallun 
Phone: 202-326-6582 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE/INDIA/AUSTRALIA/ 
NEW ZEALAND /REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Axel Gesatzki 
Phone: +44 (0)1223 326529 


Sarah Lelarge 
Phone: +44 (0) 1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


APAN 

Yuri Kobayashi 

Phone: +81-(0)90-9110-1719 
E-mail: ykobayas@aaas.org 


CHINA/ KOREA/SINGAPORE/ 
TAIWAN / THAILAND 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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From the journal Science W\ AAAS 


ScienceCareers.org 


DIRECTOR 


Arkansas Children’s Nutrition Center 


We are seeking to recruit a new Director of the Arkansas 

Children’s Nutrition Center (ACNC) in Little Rock, AR. eas 
The Director will be a Professor (Tenure Track) in the ren’s 
Department of Pediatrics and Chief of the Division of ition 
Developmental Nutrition at the University of Arkansas for nter 
Medical Sciences (UAMS) College of Medicine. 


Requirements include a PhD or MD degree and a national reputation in nutrition-related 
research. He/she should have demonstrated excellence in research as evidenced by 
accomplishments, such as a long-standing record of nationally competitive funding 
at the RO1 level through NIH; an excellent record of publications in high quality peer- 
reviewed scientific journals; NIH Study Section Membership; and National Awards. 
The successful candidate must also have proven and effective management and 
interpersonal skills necessary to direct a large, interdisciplinary national human 
nutrition research program. 


The ACNC is one of six Human Nutrition Research Centers funded by the USDA/ARS 
and is housed in a private research building on the campus of Arkansas Children’s 
Hospital, which is one of the nation’s largest state-of-the-art children’s hospitals and 
the primary pediatric research and teaching site of UAMS. The position carries a 
competitive salary and benefits package and will remain open until February 15, 2014. 


Interested parties should submit their curriculum vitae and full contact information via 
email to RFJ@uams.edu or mail to: Richard Jacobs, MD, FAAP, Search Committee 
Chair, 13 Children’s Way Slot 842, Little Rock, Arkansas 72202-3591. 


UAMS is an inclusive Equal Opportunity and Affirmative Action Employer 
and is committed to excellence. 


AAAS is here —- 


promoting universal 
science literacy. 


In 1985, AAAS founded Project 2061 
with the goal of helping all Americans 
become literate in science, mathemat- 
ics, and technology. With its landmark 
publications Science for All Americans 
and Benchmarks for Science Literacy, 
Project 2061 set out recommenda- 
tions for what all students should 
know and be able to do in science, 
mathematics, and technology by the 
time they graduate from high school. 
Today, many of the state standards 

in the United States have drawn their 
content from Project 2061. 

As a AAAS member, your dues help 
support Project 2061 as it works to 
improve science education. If you are 
not yet a member, join us. Together 
we can make a difference. 


To learn more, visit 
aaas.org/plusyou/project2061 


MIAAAS+U=A 


ISTFELLOW: Call for Postdoctoral Fellows 


Are you a talented, dynamic, and motivated scientist looking for an 

opportunity to conduct research in the fields of BIOLOGY, COMPUTER SCIENCE, 
MATHEMATICS, PHYSICS, or NEUROSCIENCE at a young, thriving institution that 
fosters scientific excellence and interdisciplinary collaboration? 


Apply to the ISTFellow program. Deadlines March 15 and September 15 


www.ist.ac.at/istfellow 


ISTFELLOW is partially funded 
by the European Union 


1Gh4y AUSTRIA 


a | European | 
Commission Institute of Science and Technology 


WOMEN IN SCIENCE 


forging new pathways in green science 


Read inspiring stories of 
women working in “Green 
Science” who are blending 

a unique combination of 
enthusiasm for science and 
concern for others to make the 
world a better place. 


Download this free booklet 
ScienceCareers.org/LOrealWiS 


This booklet is brought to you by the AAAS/Science Business Office 
in partnership with the L’Oreal Foundation 


UChicago p> 
Argonné,,. 


Director, Argonne National Laboratory 


Argonne National Laboratory, managed by UChicago Argonne, LLC under 
a prime contract with the Department of Energy (DOE), is one of the nation's 
largest federally-funded research and development centers. Argonne is a 
multidisciplinary science and engineering institution, where “dream teams” 
of world-class researchers work alongside experts from industry, academia 
and other government laboratories to address vital national challenges in 
clean energy, environment, technology and national security. Widely recognized 
for its excellence in connecting basic research to innovative technology, 
Argonne has over 200 ongoing research projects, covering a broad range of 
science from studies of the atomic nucleus to global climate change research. 
With annual funding exceeding $720 million, the Laboratory has over 3,000 
employees, including approximately 1,250 scientists and engineers. 


The Director of Argonne National Laboratory shall be executive head of the 
Laboratory, subject to the direction and supervision of the Board of Governors. 
The Director will also serve as President of UChicago Argonne, LLC. With 
support from the University of Chicago, the Director will work with the DOE, 
and with Laboratory senior management, its Board of Governors and other 
constituents, to harness the depth of strength at Argonne in staking out a 
unique future for the Laboratory within the global R&D enterprise. The Director 
will play a key role in assembling the resources, both public and private, to 
support the Laboratory. The position will afford the new Director an opportunity 
to nurture cooperative agreements among industry, members of the national 
laboratory complex and universities, as well as have a strong voice in 
shaping national policy on science and technology. 


The ideal candidate will have: significant and successful experience managing 
a large research and development organization; experience working in 
complex, multi-stakeholder organizations; and excellent communication skills. 
A Ph.D. in a science or engineering discipline is preferred. Experience 
in program development with the DOE, DoD, DHS, NASA or other 
federal agencies with interaction at the Secretary level is preferred. 


Please apply electronically at: http://bit.ly/ArgonneLabDir 


Argonne National Laboratory is a U.S. Department of Energy laboratory managed 
by UChicago Argonne, LLC. UChicago Argonne, LLC is an equal opportunity 
employer, and we value diversity in our workforce. 


f=" THE UNIVERSITY OF a 
CHICAGO Argonne 
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There’s only one 
DR. SHIRLEY MALCOM 


lie Dr. Shirley Malcom, born and raised in the segregated South more than 65 years ago, a career based 
on her studies in science seemed even less likely than the launch of the Soviet’s Sputnik. But with Sputnik’s 
success, the Space Race officially started and, in an instant, brought a laser-like focus to science education 
and ways to deliver a proper response. Not long after, Dr. Malcom entered the picture. 
Although black schools at the time received fewer dollars per student and did not have sufficient 
resources to maintain their labs at a level equivalent to the white schools, Dr. Malcom found her way to the 
University of Washington where she succeeded in obtaining a B.S. in spite of the difficulties of being an 
African American woman in the field of science. From there she went on to earn a Ph.D. in ecology from 
Penn State and held a faculty position at the University of North Carolina, Wilmington. 
Dr. Malcom has served at the AAAS in multiple capacities, and is presently Head of the Directorate for 
Education and Human Resources Programs. Nominated by President Clinton to the National Science Board, she 
also held a position on his Committee of Advisors on Science and Technology. She is currently a member of the 
Caltech Board of Trustees, a Regent of Morgan State University, and co-chair of the Gender Advisory Board of 
the UN Commission on Science and Technology for Development. She has held numerous other positions of 
distinction and is the principal author of The Double Bind: The Price of Being a Minority Woman in Science. | Science. 
Of her active career in science, Dr. Malcom says, “I guess | have become a poster child for taking =: 
one’s science background and using that in many other ways: we ask questions; we try to under- 
stand what we find; we consider what evidence we would need to confirm or refute hypotheses. 
And that happens in whatever setting one finds oneself.” 
At Science we are here to help you in your own scientific career with expert career advice, 
forums, job postings, and more — all for free. Visit Science today at ScienceCareers.org. 


For your career in science, there’s only one | Science 


ScienceCareers.org 


Career advice Jobpostings JobAlerts Career Forum Crafting resumes/CVs Preparing for interviews 


About NUAA 


Nanjing University of Aeronautics and Astronautics(NUAA) is a research-oriented national key university of “211 Project”. 
It also enjoys a well-balanced development of multiple disciplines in engineering, technology, natural sciences, economy, 
management and social sciences with the characteristics of aeronautics, astronautics and civil aviation. NUAA is qualified to 
be “Dominant Discipline Innovation Platform of 985 Project” and to independently recruit and receive international students 
who are granted the Chinese Government Scholarship. Now NUAA consists of 16 colleges with more than 3,000 staff 
members and approximately 26,000 degree students. 


Academia and education at NUAA represent strong capacity among all the universities in China. It has acquired national 
status through the quality of its excellence research work, especially in the areas of Aerospace Engineering, 
Mechanics,Electromechanics, Economy and Management, etc. 


NUAA gives a warm welcome to excellent experts, scholars and young students from both home and abroad, who are willing 
to serve the country, dedicate themselves to the development of aerospace science and make contributions to the 
industrialization, information technology of China. NUAA will provide teachers and researchers with a good academic 
environment, satisfactory working and living conditions and a stage on which they can put their talents to good use. 


Contacts 

Ms. Zhao Haiyan, Mr. Cao Yunxing 

Personnel Division, NUAA 

Address: 29# Yudao St. Nanjing, Jiangsu Province, Postcode: 210016 
Tel: +86-25-84892461 

Fax: +86-25-84895923 

Email: zhaohatyan@nuaa.edu.cn 
Web:http://www.nuaa.edu.cn/nuaanew _http://rsc.nuaa.edu.cn 


Faculty Positions Available in Southwest 


Faculty Positions available at 
University, Chongqing, China 


Hohai University, Nanjing. China 


: : : ss : : Southwest University is a national key university of the “211” project 
Hohai University Invites ap plications for directly under the Ministry of Education. It is located in Chongqing, 


faculty positions at the assistant, associate, or the youngest municipality of China. The university hosts 


: : : approximately 50,000 students, covering undergraduate, postgraduate 
full P rofessor level in the area of SHB MISeHDE: and other programs. For more detailed information, please visit the 


science, economics, management, liberal arts, website: http://www.swu.edu.cn/# 


and law. Applicants should have a doctoral — 
Applications for full-time professors, associate professors and 


degree from a prestigious university. For the distinguished scientists are welcome. Competitive salaries and start-up 

complete job announcements and directions on funds will be provided to successful candidates, in line with the 
ao national Recruitment Program of Young Experts. 

how to apply, visit: rsc.hhu.edu.cn or contact the 

Department of human resource at The Recruitment Program of Young Experts (i.e. the Plan for 


Recruiting 1,000 Professorship for Young Talents): The candidates are 
required to be under the age of 40 and have obtained a PhD degree in 
a world-renowned university with at least 3 years of research 


: : : : : : experience abroad, or have obtained a PhD degree in Mainland China 
Hohai University, founded in 1915, wins Its with at least 5 years of research and teaching experience abroad. 


worldwide reputation on the research of Water Special offers will be granted to those who have excellent research 

Science& Civil Engineering &Environment achievements during their doctoral study. 

Engineering. It is a National key university of Further information is available at http:// renshi.swu.edu.cn/regzbgs/ 

China. and among the universities of the The Talents Recruitment Office, Southwest University,Beibei, 
oe ee a, : Chongqing 400715, P. R. China. 0086-23-68254265. 

National “211 Project” and Innovation Bases of 

the National ‘985 Project’. Hohai University Please kindly send applications or nominations in the form 


: ' ; : of an application letter enclosing a current CV _ to 
aims to be a research oriented university. rencai@swu.edu.cn. 


86-25-83786205. 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers MVAAA + U = A 


ETH 


Eidgendssische Technische Hochschule Ziirich 
Swiss Federal Institute of Technology Zurich 


Assistant Professor (Tenure Track) of Landscape Ecology 


The Department of Environmental Systems Science (www.usys.ethz.ch) at ETH Zurich and the Swiss Federal Research Institute 
WSL (www.wsl.ch) invite applications for an assistant professor position to lead a research group in Landscape Ecology. The 
professorship will be established as a joint position between ETH Zurich and WSL. The new colleague will be expected to 
engage in extensive research collaborations with those professorships and research groups at ETH Zurich and WSL that share 
similar interests, and with other relevant institutions both nationally and internationally. The overall goal of this professorship 
will be to develop an integrative approach that focuses on the temporal and spatial interactions between processes such as 
competition, animal and plant dispersal, natural disturbance dynamics and the drivers of environmental change, so as to develop 
a predictive understanding of how landscape patterns emerge. 


Swiss Federal Institute for Forest, 
WS L Snow and Landscape Research WSL 


online @sciencecareers.org 


The new professor will develop an internationally recognized research program focusing on the interactions between the 
spatial patterns of land cover and ecological processes, with implications for the provision of multiple ecosystem services. His 
or her research will contribute to the development of new concepts to assess, predict and manage landscape dynamics at 
regional scales over decades to centuries.The new professor will be expected to teach undergraduate level courses (German 


or English) and graduate level courses (English). 
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This assistant professorship has been established to promote the careers of younger scientists. The initial appointment is for 
four years with the possibility of renewal for an additional two-year period and promotion to a permanent position. 


Please apply online at www.facultyaffairs.ethz.ch 


Applications should include a curriculum vitae, a list of publications, a statement of your future research and teaching interests 
and the names and contact information of three possible referees. The letter of application should be addressed to the President 
of ETH Zurich, Prof. Dr. Ralph Eichler. The closing date for applications is 15 April 2014. ETH Zurich is an equal opportunity and 
family friendly employer and is further responsive to the needs of dual career couples. In order to increase the number of women 
in leading academic positions, we specifically encourage women to apply. 


| 


John Innes Centre 


INDEPENDENT 


RESEARCH FELLOWSHIPS 


The John Innes Centre (JIC), Norwich, UK is a world 
leading centre of excellence in plant and microbial sciences 
based on the Norwich Research Park. We are inviting 
applications from outstanding researchers who either 

hold, or wish to apply for Independent Research 

Fellowships [such as a BBSRC David Phillips Fellowship 
(http://www. bbsrc.ac.uk/funding/fellowships/david-phillips.aspx), 
or a Royal Society University Research Fellowship 
(http://royalsociety.org/grants/schemes/university-research/)], 
to attend a Conference at the JIC on 28th April 2014. 

At the meeting you will be able to present a talk about your 
proposed area of research and to discuss your proposals, 
the development of your group and your future career plans 
in depth with senior JIC Scientists. 


%sax® and is an Equal Opportunities Employer and supports flexible working. 


gi Mog, : : : . F ; : : ————s 
3, VW (The John Innes Centre is a registered charity (No223852) grant-aided by the Biotechnology and Biological Sciences Research Council P ys i 
A. 


After the Conference we will select and mentor outstanding 
candidates in writing Fellowship applications and/or offer 
the opportunity to move existing Fellowships to the JIC. 
Considerable additional resources will be provided to 
Fellows by the Centre. 


Further details and particulars can be found at 
http://www. jic.ac.uk/corporate/opportunities/vacancies/ 
fellows.htm 


Please e-mail a 2-page summary of your research plan, 
a copy of your CV and arrange for three letters of 
recommendation to be emailed to dawn.rivett@nbi.ac.uk 
by Friday 14th March 2014. 


Women in Science Booklet 


Science and the L’Oréal Foundation present 


WOMEN: IN)SCIENCE 


FOR WOMEN 
IN SCIENCE 
Ti vorea, 


Read inspiring profiles of women 
making a difference in biology. 


Cell Biology Faculty 
Positions 


The Department of Cell Biology 

and the Department of Pediat- 
rics at the University of Pittsburgh, School 
of Medicine seek candidates for Assistant, 
Associate and/or Full Professor tenure stream 
and tenured faculty positions. We encourage 
applications from candidates with a strong 
record of research accomplishments in the 
broad area of cell biology, including, but not 
limited to autophagy, protein and lipid traf- 
ficking, intracellular signaling and cytoskel- 
eton. Applications from cell biologists who 
are using mass-spectrometry as the major 
approach to address basic questions are also 
encouraged. Successful candidates will join 
an interactive, interdisciplinary group of fac- 
ulty, students and fellows, and enjoy access to 
the state-of-the-art equipment and facilities at 
the University of Pittsburgh. Candidates must 
hold a Ph.D. or an equivalent degree. Highly 
competitive start-up, compensation and ben- 
efits packages are offered. 


Curriculum vitae, statement of research 
interests, two recent most important papers, 
and e-mail addresses of three references can 


Endowed Chair in 


\\ Stony Brook 
Theoretical Physics 


University 


Stony Brook University seeks a senior faculty appointment in theoretical physics at the level of full 
professor to occupy the Chen Ning Yang-Deng Wei Chair, now being established. This appointment 
will be in the C.N. Yang Institute for Theoretical Physics, with affiliation to the Department of Physics 
and Astronomy. Candidates should have demonstrated exceptional scholarly achievement and 
potential in research. The ability to attract external funding and leadership potential will also be con- 
sidered for this position. The position will include an independent research fund and carry a nation- 
ally-competitive salary. 


The C. N. Yang Institute for Theoretical Physics was established in 1966 and is named for its found- 
ing director. It carries on a proud tradition of front-line research and committed education and train- 
ing. Its faculty, graduates and postdoctoral alumni are active throughout the international scientific 
community. Current faculty carry on research in a wide range of theoretical physics, including field 
and string theory, particle phenomenology, statistical mechanics and quantum information. The 
research interests of candidates for this position may be in any area of theoretical physics, astro- 
physics and cosmology. 


The Institute is an independent unit of Stony Brook University, reporting to the Provost. It has 
numerous collaborative interactions with the Department of Physics and Astronomy, the 
Department of Mathematics and the Simons Center for Geometry and Physics, and with other 
departments at Stony Brook University and with nearby Brookhaven National Laboratory. Stony 
Brook University is located on the scenic North Shore of Long Island. It has active cultural pro- 
grams and is convenient to New York City. It has numerous leading graduate programs, and its 
1,100 acre campus and 13,500 faculty and staff serve over 24,000 students. The University is a 
member of the Association of American Universities and co-manager of Brookhaven National 
Laboratory, a multidisciplinary research laboratory supporting world-class scientific programs uti- 
lizing state-of-the-art facilities. 


be sent to: cbprecru@pitt.edu. Review of 
applications will begin immediately and 
continue until the position is filled. 


The University of Pittsburgh is an Equal 
Opportunity/Affirmative Action Employer. 


To view application procedure, full position description or to apply online visit 
www.stonybrook.edu/jobs (Ref. # F-8330-13-11). Nominations and suggestions from our colleagues 
as well as direct applications are welcome at http://max2. physics.sunysb.edu/chairsearch/. 


Stony Brook University/SUNY is an equal opportunity, 


affirmative action employer. 
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MORGRIDGE 


INSTITUTE FOR RESEARCH 


CHEMOINFORMATICS INVESTIGATOR 
MADISON, WISCONSIN 


The Morgridge Institute for Research (MIR) is accepting applications for 
Investigators whose research focuses on chemoinformatics, the analysis of 
biomolecular interactions using computation-intensive methods and small 
molecule probes. We seek researchers who use these approaches to build a 
fundamental understanding of ligand-target relationships and networks, and 
to develop laboratory and in silico methodologies that significantly widen 
the scope of chemoinformatics and its impact on other disciplines. 


MIR Investigators are full-time, independent research group leaders, 
expected to develop collegial relationships with other investigators at MIR 
and the University of Wisconsin-Madison and to participate in selected 
outreach programs. Formal classroom teaching is not required for a MIR 
appointment, although training and mentoring of graduate students and post- 
doctoral researchers is encouraged. MIR provides generous start-up support 
and commits to substantial ongoing salary support of MIR Investigators. 


The Morgridge Institute for Research is a private, nonprofit research institute 
dedicated to improving human health through interdisciplinary biomedical 
research, in partnership with the University of Wisconsin-Madison. MIR 
offers an extraordinary work environment built around a multi-disciplinary 
fusion of ideas, state-of-the-art facilities, and mentorship by groundbreaking 
science leaders. www.morgridge.org. 


To Apply: Please send a letter of interest, a current CV, a description of your 
research program and career goals, and include an explanation of why you 
feel a position that specifically values collaboration and collegiality would be 
a good fit to compbioinvestigator@morgridge.org. Also, please list three 
referees who can evaluate your accomplishments and potential, and discuss 
your creativity, collegiality, and willingness to break new ground. 


The Morgridge Institute for Research is an Equal Opportunity Employer. 
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and Engineering Research 


INL’s Energy and Environment Science and Technology Directorate is seeking 
outstanding , highly creative and motivated early to mid-level career profes- 
sionals to join our multi-disciplinary research teams. The Directorate is INL’s 
principal multi-mission organization focused on research to advance clean 
energy systems, advanced transportation, advanced process technology and 
related sciences. 


Multiple positions are available in the following areas: 

* Bioenergy research including biomass characterization, conversion, prepro- 
cessing and molecular biology. * Analytical chemistry specializing in laser spec- 
troscopy and mass spectrometry. * Materials science and physics with focus on 
performance in harsh environments, nondestructive evaluation, and radiation 
based imaging. * Membrane science with a focus on dense film separation and 
filtration. * Geology and Hydrology with a focus on hydraulic fracturing and 
geothermal evaluation. * Scientific visualization research in a CAVE environ- 
ment with a focus on immerse visualization, virtual reality, graphics program- 
ming, and large format display technologies. 


The Idaho National Laboratory is a science-based, applied engineering national 
laboratory dedicated to supporting the U.S. Department of Energy’s mission 
in nuclear energy research, science, and national defense. With 3,800 scien- 
tists, researchers and support staff, the laboratory works with national and 
international governments, universities and industry partners to discover new 
science, develop technologies that underpin the nation’s nuclear and renew- 
able energy, national security and environmental missions. The Laboratory is 
a multi-program national laboratory. It currently performs a range of research 
and development activities associated with energy and national security. The 
laboratory currently has more than 150,000 sq. ft. of modern research facilities 
with a significant amount of wet laboratory space that are supported by a vast 
array of state-of-the-art research instrumentation. Idaho Falls is conveniently 
situated near many national treasures such as Yellowstone National Park, Teton 
National Park, Jackson, WY, etc. For more information about the area, please 
visit www. Visitidahofalls.com and www.visitidaho.org. Interested parties 
should visit our website at www.inl.gov. 


INL is an Equal Opportunity Employer M/F/D/V 
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The Center of Excellence in Environmental 
Toxicology (CEET) at the University of Pennsyl- 
vania Perelman School of Medicine announces 
the availability of TWO POSTDOCTORAL 
POSITIONS on its Translational Research Train- 
ing Program in Environmental Health Sciences. 
The focus of the Center includes research in 
Lung and Airway Disease, Oxidative Stress/ 
Oxidative Stress Injury; Reproduction, Endocri- 
nology, and Development; and Gene-Environment 
Interactions. 

Postdoctoral applicants must conduct full-time 
research in translational environmental health sci- 
ences. Applicants must be U.S. Citizen or Per- 
manent Resident and would be supported for 
up to two years. Salary and benefits are com- 
mensurate with NRSA approved levels. For fur- 
ther information, application procedure, and 
list of faculty mentors, please contact e-mail: 
webster@upenn.edu. The deadline to apply for 
an appointment beginning July 01, 2014 is 
April 01, 2014. 


RUTGERS 


Emest Mano School 
of Pharmacy 


FACULTY POSITION in Cancer 
Biology and Cancer Prevention 

The Susan Lehman Cullman Laboratory for Cancer 
Research in the Department of Chemical Biology, 
Ernest Mario School of Pharmacy, Rutgers, The State 
University of New Jersey is seeking an outstanding in- 
vestigator for a tenure or tenure-track position. Appli- 
cants should hold a Ph.D. degree or equivalent and 
have a strong track record for research in the areas of 
mechanisms of cancer causation and prevention and 
cell growth regulation, as evidenced by independent, 
currently funded research (RO1 or equivalent) and 
high-impact publications. A strong commitment to 
teaching undergraduate and graduate students, and 
postgraduate trainees will be expected. The successful 
candidate will also be a member of The Cancer In- 
stitute of New Jersey. Please send or e-mail curriculum 
vitae, brief research plan, current and past grant sup- 
port, and the names and addresses of three references 
to: Dr. Suzie Chen, Chair of the Search Committee, 
Department of Chemical Biology, Ernest Mario 
School of Pharmacy, Rutgers, The State University 
of New Jersey, 164 Frelinghuysen Road, Piscataway, 
NJ 08854-8020, e-mail: bachorik@pharmacy.rutgers. 
edu. 
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From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 
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